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PREFACE 
Membrane and membrane technologies goes back to early history. Increasing demand 
of high quality water in food and pharmaceuticals industry, to recover valuable 
materials from the industrial effluents before being discharged, to separate vapors and 
gases, cleaning of water for potable use had lead the preparation of synthetic 
membranes and their utilization on a large industrial scale. Up till now, membranes 
have become an indispensable part of our daily life and exist as long as life exists. 
The properties of the membrane differ accordingly to its structure and composition. 
The purpose of this thesis is to provide a comprehensive knowledge of membrane 
science and the various factors and properties associated with its transport 
mechanisms.       
The thesis has been divided into five chapters. First chapter deals with general 
introduction, definition of membrane and membrane operation, and the various 
gradients to which it responds. The classification, preparation, properties and 
applications of membrane has been also discussed. Second, third, fourth and fifth 
chapter deals with the preparation of inorganic-organic composite membranes with 
different organic and inorganic components. The membranes were further 
characterized to elucidate its physico-chemical properties. Membrane potential, 
transport number, fixed charge density, permselectivity, and distribution coefficients 
in various electrolytic solutions were calculated to have information about the 
transport mechanism and selectivity of membranes for particular ion. Thus, the 
membranes with suitable properties and selectivities can be used in electromembrane 
processes
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1.1. EMERGENCE OF MEMBRANES IN WATER AND WASTEWATER 
TREATMENT 
Water is the most important chemical compound on earth. Although, the annual 
precipitation on earth’s surface might be sufficient, but the uneven distribution of 
rainfall does not meet the human needs in all regions of the world. In some arid areas, 
existing water resources are saline, exceeding the limits of potable water. Increasing 
demand of water, caused by the rising standard of living and by the increase in 
population, irresponsible wasting of water in many large cities and above all pollution 
of natural water reserves by industrial waste and sewage, have brought many regions 
in various cities to the critical point, where existing resources can no longer satisfy the 
growing demands [1]. In this context, desalting is a valuable supplement for the 
reclamation of wastewater. Desalting technology is applied to pollution control 
including an overall perspective of the general pollution problem and its technology, 
economic and social applications, and the desalting methods, such as distillation, 
deionization by membranes, salt separation by freezing and chemical deionization 
methods [1]. In this regard, membrane processes can play a key role in reducing water 
scarcity. They may be used to treat waste waters before being discharged to surface 
water, to recover materials used in industry before they enter in waste streams, and, of 
course, to treat water for potable use. The capabilities of membranes have been 
significant in driving their use in water and wastewater treatment [2].  
The process of desalting goes back to early history. The oldest reference of converting 
saline water into fresh water may be found in the Bible, where the bitter water became 
sweet after passing it through wood [1,3]. Aristotle (384-322 BC) also wrote the 
method followed by sea men to obtain fresh water from sea. They boiled seawater in a 
pot and suspended sponges over it. The vapors were condensed on sponges and 
freshwater was recovered by squeezing the sponges [4]. Aristotle’s experiment of wax 
pot is also an important link. Various ancient writers of the Arab and Byzantine 
philosophers wrote about the desalination. The citations can be found in the works of 
Al-Hirani, Al-Biruni, Nikephoros Blemmides, and Gilbertus Angelicus etc. Sir 
Richard Hawkins, Hauton, Samuel Reyer, Thomas Bartholin, Robert Boyle were 
some of the eminent scientists who attempted to desalt water. The excellent review on 
historical development of these desalting processes was given by Giorgio Nebbia and 
Gabriella Nebbia Menozzi [1,5]. 
3 
 
1.1.1. Desalting techniques 
Desalting techniques are potentially capable of becoming useful separation processes 
and may be classified into two general categories: (i) processes that eliminate salts 
from solution and (ii) process that isolate pure water from solution as given in Table 
1.1. 
Table 1.1. Major classification of separation processes. 
Separation Processes 
     Water from solution                                                                 Salt from solution                                                      
1.  Distillation 1.  Ionic processes 
 Vertical tube evaporator   Ion exchange 
 Horizontal tube evaporator  Electrodialysis 
 Multi-stage flash evaporator  Transport depletion 
 Vapor compression  Osmionic 
 Solar evaporation  Piezodialysis 
2.  Reverse Osmosis  Electrochemical 
3.  Crystallization  Biological system 
 Freezing                                                               2. Other processes 
Hydrate formation                                               Liquid-liquid extraction 
The most developed process for removing salts from aqueous solutions is 
electrodialysis and ion-exchange. Their economics depend closely on the salt content 
or raw water, either as consumption of electrical energy or of chemicals for the 
regeneration of the resins. Hence, they may preferably be applied for the purification 
of brackish water. 
1.1.2. Historical background in the field of Membrane technology 
The literature concerning membrane is enormous and in fact, too extensive to mention 
(Table 1.2). The principal volumes containing significant sections devoted to 
membrane electrochemistry are given by, Clarke and Nachmanshon [8], Helfferich 
[9], Spiegler [10], Merten [11], Marinsky [12], Stein [13], Cole [14], 
Lakshminarayanaiah [15], Hope [16], Andt and Roper [17], Plonsey [18], Kotyk and 
Janacek [19], Keller [20], Purlin and Eyring [21], Caplan and Mikuleeky [22], 
Eisenman [23], Sandblom and Ome [24], Harris [25], Schlogl [26], Bitter [27], 
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Krikwood [28], Jiri koryta [29], Katchalsky and Curran [30], Danielli, Rosenberg and 
Cadenhead [31], Ramirez and Mafe [32], Woermann [33], Wagner [34], Hamed and 
Owen [35], Manzanares and Konturi [36], Chileott and Coster [37] etc. 
Table 1.2. Some of the scientific milestones worthy to be mentioned for membrane 
technology. 
Scientific Milestones 
Observations         Osmosis: Nollet 1748 [38]; Electroosmosis: Reuss 1803 [39], 
                               Porret 1816 [40]; Dialysis: Graham 1861 [41]   
Relations               Diffusion: Fick 1855 [42]; Osmotic pressure: van’t Hoff 1887  
                              [43]; Electrolyte transport: Nernst- Planck 1889 [44] 
Theoretical            Osmotic pressure: Einstein 1905 [45]; Membrane potentials:  
considerations       Henderson 1907 [46]; Membrane equilibrium: Donnan 1911 [47];   
                               Anomalous osmosis: Sollner 1930 [48]; Irreversible thermodynam 
                               ics: Kedem, Katchalsky 1964 [49] 
Transport models  Ionic membranes: Teorell 1937 [50]; Meyer, Seivers 1936 [51];  
                              Pore model: Schmid 1950 [52], Meares 1956 [53]; Solution-diffus 
                               ion model: Lonsdale 1965 [54] 
The first commercial membranes for practical applications were manufactured by 
Sartorius in Germany after World War I, based on the early work of Zsigmondy [55]. 
Nitrocellulose membranes were used in the studies of Zsigmondy as ultrafilters to 
separate macromolecules and fine particles from an aqueous solution. However, these 
porous cellulose nitrate or cellulose nitrate-cellulose acetate membranes were only 
used on a laboratory scale and the same applied to denser ultrafiltration membranes 
developed at the same time. Early work on microfiltration and ultrafiltration 
membranes has been reviewed by Ferry [56]. Although the phenomenon dialysis has 
already been known for a long time, the first practical membrane application on 
haemodialysis was demonstrated by Kolff [57] in 1940s. 
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1.1.3. Definitions of Membrane and Membrane Operation 
Membrane 
H. K. Lonsdale [6] in the editorial reported a wide explanation in terms of definition 
of the membranes as given by various scientists active in the field of membrane 
sciences as: 
According to Webster’s new collegiate dictionary, membranes are 
thin soft pliable sheet of animal or plant origin, and (ii) a piece of parchment forming 
part of a roll. These definitions are too old and unsophisticated to be considered in this 
emerging world. 
Another more realistic definition is given in McGraw- Hill dictionary (2nd edition) 
which describes membrane as (i) the medium through which the fluid stream is passed 
for the purpose of filtration, and (ii) the ion exchange medium used in dialysis, 
diffusion, osmosis, reverse osmosis and electrodialysis. 
Patrick Meares, an eminent scientist in the department of chemical engineering, 
University of Exeter and an editorial member in the Journal of Membrane Science for 
more than a decade describes membrane as: A membrane can be regarded as phase or 
group of phases that controls the transport of matter and energy between two essential 
uniform phases which it separates. 
The membrane can be further defined as a thin film separating two phases and acting 
as a selective barrier to the transport of matter. It allows the transport of some 
substances to pass through it while stopping others. 
Membrane operation 
Membrane operation can be defined as an operation where a feed stream is divided 
into two main streams:  permeate containing materials which has passed through the 
membrane and a retentate containing the non permeating species (Figure 1.1). 
Membrane operations can be used to concentrate or to purify a solution or a 
suspension and to fractionate a mixture. 
For all transport phenomena, the transmembrane flux for each element can be written 
by the following simple expression 
                             Flux =  Force ×  concentration ×  mobility                              (1) 
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In most cases, the concentration will vary with distance through the membrane and 
through the boundary layers at the two interfaces of the membrane fluid; it is 
appropriate therefore to treat Eq. 1 as a local equation where local forces are the 
gradients of chemical potential dµ dx⁄  of every component that can be transported. 
The variation of chemical potential of component i can be expressed as sum of terms: 
                                     dµi = RTd ln ai  + VidP + ZiF dΨ                                         (2)                                 
where the activity ai is not under the arbitrary control of the operators, the pressure P 
and electric potential Ψ can be varied in order to improve the separation between 
mobile components. Eq. 2 can help to choose qualitatively the functionality of the 
membrane. 
Membrane 
 
                       Feed                                                                                         Permeate                       
 
 
 
                                                              Driving forces 
Figure 1.1. Schematic diagram showing membrane operation under the effect of 
driving forces (ΔT, ΔP, ΔC, ΔE). 
Membranes often respond to few gradients that they experience between either sides 
of the membrane. Thus, the membrane operations as shown in Table 1.3 can be 
generally classified on the basis of the gradients to which they respond, and the 
gradients are as follows: 
 Driving force 
 Separation mechanism 
 Membrane structure 
 Phases in contact 
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Table 1.3. List of the membrane operations on applying various gradients. 
Membrane 
operation 
   Driving                  Separation                         Membrane                Phases 
    force                       mechanism                        structure 
Reverse 
osmosis 
Microfiltration 
Ultra filtration 
Nanofiltration 
 
Pervaporation 
 
Membrane 
distillation 
Dialysis 
Electrodialysis   
              
Pressure             Solution/diffusion              Dense                       Liquid 
                           + exclusion       
Pressure             Sieve                                   Mesopores               Liquid 
Pressure             Sieve                                   Mesopores               Liquid 
Pressure             Sieve+ (solution                 Micropores              Liquid 
                          /diffusion +exclusion)   
Activity             Solution-diffusion              Dense                  Liquid,gas 
(partial pressure) 
Activity             Evaporation                        Macropores              Liquid 
(temp.)                                                                                                                               
Concentration    Diffusion                            Mesopores                Liquid       
 Electrical          Ion exchange                      Ion exchange            Liquid      
 Potential 
Among the separation operations, membrane offer basic advantages: 
 Separation takes place at ambient temperature without phase change, which 
offers an energetic advantage compared to distillation. 
 Separation takes place without accumulation of products inside the membrane. 
Membranes are then well adapted to be run continuously without a 
regeneration cycle as in ion-exchange resin operations or without an elution 
cycle as in chromatography. 
 Separation does not need the addition of chemical additives, as in case with 
azeotropic distillation or in water clarification by settlement or conventional 
filtration. 
1.1.4. Advantages and disadvantages of Membrane technology 
Membrane technology is an emerging technology and due to its multidisciplinary 
character it can be used in a large number of separation processes. The merits and de-
merits of the membrane technology are well discussed by the Marcel Mulder [7]. The 
benefits of membrane technology can be described as follows: 
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 Separation can be carried out continuously 
 Energy consumption is generally low 
 Separation can be carried out under mild conditions 
 Up scaling is easy 
 Membrane properties are variable and can be adjusted 
 No additives are required 
 Membrane processes can easily be combined with other separation processes 
(hybrid processing)                                                                                                                                                      
Some of the drawbacks of membrane technology are: 
 Concentration polarization or membrane fouling 
 Low membrane lifetime 
 Low selectivity or flux 
1.2. CLASSIFICATION OF MEMBRANES 
The membranes can be classified according to different views points to obtain a more 
revealing knowledge of its functions. 
1.2.1. Classification based on nature 
The first clear classification is based on the nature of membrane i.e., natural and 
synthetic. Natural membranes possess a fundamental unit membrane structure which 
is a bimolecular leaflet of lipid with their polar groups oriented towards the two 
aqueous phases of the cell, and protein is supposed to exist close to the polar heads of 
the leaflet. This type of universal structure is absent in synthetic membranes [58]. 
Synthetic membrane is an unnaturally created membrane usually intended for the 
separation purposes in laboratory or in industry. Synthetic membranes have been 
successfully used for small and large-scale industrial processes since the middle of 
twentieth century [59]. A wide variety of synthetic membranes are known [60], and 
these can be produced from organic materials such as polymers and liquids, as well as 
inorganic materials. 
1.2.2. Classification based on morphology 
A membrane is a thin barrier that permits selective mass transport. The mode of 
permeation and separation is dictated by its morphology. Thus, the synthetic 
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membranes can be classified into two types on the basis of its morphology (Figure 
1.2). 
I. Symmetric or isotropic membranes: A membrane that has same physical and 
chemical structure throughout its thickness in the direction of travel of the permeating 
species is called a symmetric or isotropic membrane (e.g. microporous, dense and 
electrically charged membranes). The thickness of symmetric membranes ranges 
roughly from 10 to 200 µm. In this case, the resistance to mass transfer is being 
determined by the total membrane thickness. A decrease in membrane thickness 
results in an increased permeation rate. The Kraus patent [61] based on 
polyethersulfone led to structures that are symmetric [62]. The most recent products 
are based on polyethersulfone, the major market share in 2006 is still held by 
symmetric membranes: Durapore (polyvinylidene fluoride) and Ultipore (Nylon66). 
Symmetric membranes can be regarded as having a pore size that remains relatively 
constant throughout the thickness of the membrane. Thus, if thickness divided into 
two equal fractions, each would contribute equally to flow resistance [62]. 
II. Asymmetric or anisotropic membranes: A membrane that has different 
chemical and physical structure in the direction of its thickness is called as 
asymmetric or anisotropic membranes (e.g. thin film composite membrane). These 
membranes consist of a very thin top layer, called as the skin with highly selective 
material supported on a much thicker and porous substrate, usually made from the 
same material, but quite possibly of different materials. If the materials are same, then 
asymmetric structure is usually created in one piece with the thin active layer [63]. 
These consists of a very dense top layer or skin with a thickness of 0.1 to 0.5 µm 
supported by a porous sublayer with a thickness of about 50 to 150 µm [4]. The 
sublayer offers negligible resistance to mass transfer and is present for mechanical 
support only. The overall flux and selectivity depends only on the structure of skin. 
For each asymmetric membrane, each equally thick fraction has a different pore size 
and different flow resistance. Anisotropic membranes permit both high transport rates 
and excellent separation, eliminating the mechanical integrity problem associated with 
the handling of ultrathin membranes [64]. In the mid 1980s, the introduction of new 
class of plastics, first polysulfone and then a more stable polyethersulfone resulted in 
asymmetric microporous membrane structures as developed by Wrasidlo [65]. In 
1997, Sartopore 2 from Sartorious, a polyethersulfone based membrane with 
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asymmetric structure was introduced in the biotech filtration marketplace. In 2003 and 
2005, Millipore and Pall Corporation introduced highly asymmetric membrane with 
superior technology. 
 
Figure 1.2. Micrographs of cross-section of symmetric membrane (left) and 
asymmetric membrane (right). 
1.2.3. Classification based on mass flow 
As long there are no preferred regions of low friction in the membrane, it is isotropic 
on a molecular level and is considered to be homogeneous. Uniformity of mesh on a 
molecular scale is another view of homogeneity. Channel free solid and liquid 
membranes are usually homogeneous, and two phase membranes such as solid 
crystallites imbedded in a non-ionic resin are clearly heterogeneous. The distinction, 
however, is not always essential [66]. 
1.2.4. Classification based on separation mechanism 
Membranes have a specific property to retain or remove some components. The pore 
size of a membrane gives an indication of the mean size of the pores on a membrane 
surface through which these components are removed or retained. It also describes the 
particle size that the membranes will be able to reject, as well as characterizes the 
membrane. On this basis, three mechanisms of separation have been classified: 
I. Sieve Effect: Filtration is a process of removing unwanted solids from liquid or a 
gas stream by the mechanical means of sieving (Figure 1.3) 
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                                             Retentate flow                                                                                                                                                  
Permeate flow 
Figure 1.3. Schematic diagram of sieving effect through the membrane. 
When the separation is based on large differences in size of components to be passed 
through the membrane, sieve effect can be categorized into these main operations: 
(a) Microfiltration (MF) 
It is a membrane process able to remove small particles or soluble species. It works on 
the same principle of regular particle filtration, but the distinguishing feature among 
them is the difference in their effective pore size. The pore size on microfiltration 
membrane ranges from 0.1-5µm. Because its pores are relatively large compared to 
other membranes, it can be operated under low pressures and therefore low energy. 
Microfiltration (MF) has significant applications in simple dead-end filtration for 
water, sterile fruit juices and wine, and aseptic pharmaceuticals. The most common of 
these is the clarification of whole cell broths and purification processes in which 
macromolecules must be separated from other large molecules, proteins, or cell 
debris. Microfiltration can remove most suspended solids and living material, such as 
bacteria, but will not retain any type of dissolved solute or smaller biological material, 
such as viruses. In recent years, various microfiltration membranes have been used for 
wastewater treatment [67], for heavy metal capture [68], for treatment of waste rolling 
emulsion [69] using inorganic membrane. 
(b) Ultrafiltration (UF) 
It is a membrane process that allows only coarse macromolecules to be rejected. The 
ultrafiltration membrane has a pore size range of 0.1-0.01 µm. These membranes 
reject particles such as silica, viruses, endotoxins, proteins, plastics and smog/fumes 
such as ZnO. Ultrafiltration membrane does not retain small solutes, thus the 
Size difference 
operating pressure for UF membrane is kept low (50-500kP) as the back osmotic 
pressure is neglected. Various literatures can be reported in this regard of 
ultrafiltration: Protein purification [70], filtration of alginates from waste water 
effluent [71], for metal removal from pulp and paper industry wastewater [72]. 
(c) Dialysis (DIA) 
Dialysis is a process of separation of microsolutes and salts from macromolecular 
solutions, based on the process driven by difference in concentration on both sides 
(feed and permeate) of the membrane. In this process, separation of small molecular 
weight solutes and ions occur with the rejection of high molecular weight solutes such 
as larger colloids. The separation is mainly governed by the different mobilities of 
solutes and the difference in the uptake of materials by the membrane. The materials 
generally used for dialysis membranes are organic polymers such as polysulfone, 
polyamide, polyacrylonitrile, and their copolymers, polymethylmetacrylate, 
polytetrafluoroethylene and their various derivatives [73,74]. 
II. Solution-Diffusion Mechanism: In this mechanism, permeates dissolve in the 
membrane material and then diffuse through the membrane down a concentration 
gradient. 
Thus, the separation is based on the difference in solubility and diffusivity of 
materials in the membrane (Figure 1.4).               
                                                               Retentate flow  
 Permeate flow  
Figure 1.4. Schematic diagram of solution-diffusion mechanism through the 
membrane. 
 
Solubility difference 
Processes under this mechanism are: 
(a) Nanofiltration (NF) 
This process lies in between ultrafiltration and reverse osmosis. The separation effect 
is based on the difference between particle size and the pore diameter. The 
nanofiltration membrane has a pore size range of 0.001-0.01 µm. It is primarily used 
in water softening, in removal of pesticides from wastewater, in removal of 
multivalent ions and smaller organic molecules from water. A nanofiltration 
membrane has ability to distinguish various ions from one another i.e., its ion 
selective in nature. There might be some electrostatic repulsion/attraction forces 
between the components in the liquid and the (nanofiltration) membrane surface, 
which results in a certain degree of ion selectivity. It requires much lower pressure 
than reverse osmosis i.e. 0.5-1.5 MPa. Nanofiltration is used when high sodium 
rejection is not needed, but where other salts such as Mg and Ca are to be removed. 
NF-270 and NF-90 [75] are the membranes that consist of a semi-aromatic 
piperazine-based polyamide layer on top of a microporous polysulfone support, to be 
used in the removal of hormones [76] and various other membranes [77] in the 
removal of organic and inorganic components. 
(b) Reverse Osmosis (RO) 
Reverse osmosis is a pressure driven membrane based process in which the solution is 
transferred through the membrane for separation of ionic salts, metallic ions from 
water, and for removing all organic molecules and viruses. Reverse osmosis also 
removes turbidity, including microbes and virtually all dissolved substances. 
However, while reverse osmosis removes many harmful minerals, such as salt and 
lead, it also removes some healthy minerals, such as calcium and magnesium. This 
adds calcium and magnesium to water, thereby, increasing the pH and decreasing the 
corrosive potential of water. Reverse osmosis membranes has a pore size of range 
0.0001-0.001 µm. Due to smaller pore size, a significant amount of osmotic pressure ( 
5-8 MPa) is required to force filtration. 
In this process, external pressure is applied to overcome the osmotic pressure, and 
water is forced to pass through a semi-permeable membrane, resulting in the removal 
of salts [78]. The pressure is applied to reverse the natural flow of water. The semi-
permeable membrane applied in the RO process is usually called a RO membrane, 
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which is effectively non-porous, and excludes particles and even any low molar mass 
species such as salt ions, organics etc [79]. A solution-diffusion mechanism mainly 
governs water transport through the membrane [80-84]. A number of literatures [85-
87] are available in this regard. 
(c) Gas Separation (GS) 
It is the process of separation of mixture of gases where the driving force is activity 
difference across the membrane. 
(i) Gas permeation (GP) It is one of the processes where separation of gas mixtures 
takes place without phase change. Differences in molecular size and gas solubility in 
membrane phase are the two basic factors on which the separation depends. The 
solubility of gaseous components in the membrane will combine with diffusion to 
determine the permeability and selectivity of separation. The materials generally used 
for gas permeation membranes are either of the two types: elastomers 
(polydimethylsilicone and polymethylpentene) or glassy polymers (polyimidine and 
polysulfone). Elastomers show low selectivity whereas glassy polymers show high 
selectivity with lower permeabilities. Gas permeation technique has found its various 
applications in chemical and petrochemical industries. Current applications of gas 
separations are (i) oxygen and water removal from air to produce dry nitrogen of high 
purity, (ii) hydrogen removal from mixtures with nitrogen, carbon monoxide or light 
hydrocarbons, acid gas removal from natural gas, and (iii) separation of organic 
vapours (e.g., ethylene or propylene) from mixtures with light gases (e.g., nitrogen or 
air) [88-90]. 
(ii)Pervaporation (PV) Pervaporation can be explained in two processes: (i) 
permeation through the membrane by permeates, and (ii) its evaporation into the 
vapour phase. Under this operation mechanism, the desired liquid component of 
permeate is allowed to pass the membrane through evaporation. The difference in 
activity (partial pressure) of the components on two sides of the membrane is driving 
force for separation. Pervaporation is a very mild process and hence very effective for 
separation of those mixtures which cannot survive the harsh conditions of distillation. 
Pervaporation offers the possibility of separating closely boiling mixtures or 
azeotropes that are difficult to separate by distillation or by other means. Some of the 
examples of pervaporation are: 
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 Dehydrating the ethanol/water and isopropanol/water azeotropes 
 Ethanol removal from yeast fermentors 
 Water removal from condensation reactions such as esterification to enhance 
conversion and rate of the reaction 
 Removing organic solvents from industrial waste waters 
 Concentration of hydrophobic flavour compounds in aqueous solutions (using 
hydrophobic membranes) 
 Reduction of the aromatics content in refinery streams 
 Breaking of azeotropes 
 Purification of organic solvents 
III. Electrochemical effect: In this category, separation is based on the charges of the 
species to be separated (Figure 1.5). 
 
Figure 1.5. Schematic diagram showing separation of charges based on 
electrochemical effect. 
(a) Electrodialysis (ED) 
It is a membrane process where transport of ions through ion selective membrane is 
based on the applied electrical potential difference. In electrodialysis cell, the cation 
and anion exchange membranes are arranged alternately between two electrodes, with 
thin channels in between them (Figure 1.6). 
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 Figure 1.6. Schematic representation of the process of electrodialysis. 
When an electric current is applied to the membrane stack, the anions and cations will 
try to move towards anode and cathode respectively. These ion membranes then 
restricts the movement of charged species, such that the cations and anions will be 
removed in opposite directions from one chamber to the adjacent chamber, leaving 
the chamber in diluted form. Meanwhile, the concentration of ions in the adjacent 
chamber increases. Thus, the overall result of electrodialysis process is an ion 
concentration increase in the concentrate stream with a depletion of ions in the dilute 
solution feed stream. Because the quantity of dissolved species in the feed stream is 
far less than that of the fluid, electrodialysis offers practical advantage of much higher 
feed recovery in many applications [91]. The major applications are in desalination or 
concentration of electrolyte solutions using conventional ED or inorganic/organic acid 
production/recovery with bipolar membranes (BMED) [92-95]. Conversely, in reverse 
electrodialysis (RED) electrical energy is directly extracted from chemical potential 
gradients arising from salinity differences, especially from sea and river water 
[96,97]. 
 (b) Donnan dialysis 
It is a mass transfer process that utilizes the Donnan exclusion of ions through ion-
exchange membranes with concentration gradient as a driving force. The main 
advantage of this process is that it is economical, simple and especially energy-saving 
[98]. It can be used for removing valuable ions from dilute solutions. Other 
applications include the removal of arsenic metal by polymer based hydrated oxide 
nanoparticles [99], metal speciation in soil pore waters for risk assessment of 
contaminated soils [100], removal of nitrate from water [101] etc. 
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On the basis of these separation mechanisms the membrane can be further 
classified as: 
I. Porous: The membranes which are based on sieve effect mechanisms are porous 
membranes. These membranes have a well defined pore structure which can be highly 
connected and tortuous or nonconnected and straight depending on the formation 
process. Depending on the pore size as given by the IUPAC (Mulder 1996) it can be 
classified into macropores (>50nm), mesopores (2nm <pore size < 50nm) and 
micropores (< 2nm) [102]. MF, UF, DIA and NF membranes are porous. However, 
NF membranes are intermediate between the porous and non porous membranes since 
solution-diffusion and electrochemical effects have to be introduced in the equations 
of mass transfer [2]. 
II. Non-porous or dense: The membranes which are based on solution- diffusion 
mechanisms are non-porous membranes. The separation occurs because of the 
differences in diffusivity of the permeate compounds in the polymer. RO, PV and GP 
membranes belong to this category. The transport mechanism in porous and non-
porous membranes is shown in Figure 1.7.                
                                Porous membrane                               Non-Porous membranes 
   
                                     
 
Figure 1.7. Schematic representation of transport mechanism in porous and non-
porous membranes (a) water molecule    (b) impurities     
III. Electrically charged or Ion-exchange membranes: These are special type of 
non-porous membranes. Ion-exchange membranes are classified into anion exchange 
membranes and cation exchange membranes depending on the type of ionic groups 
attached to the membrane matrix. Cation exchange membranes contain negatively 
charged groups, such as –SO3−, –COO−, –PO32−, –PO3H−, –C6H4O− etc., fixed to the 
membrane backbone and allows the passage of cations but reject anions. While anion 
exchange membranes contain positively charged groups, such as –NH3+, –NRH2+, –
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NR2H+, –NR3+, –PR3+, –SR2+ etc., fixed to the membrane backbone and allow the 
passage of anions but reject cations as depicted in Figure 1.8 [103,104].  
 
Figure 1.8. Schematic representation of transport mechanism in cation and anion 
exchange membrane. 
The ion-exchange process began in 1890 with the work of Ostwald [105] who studied 
the membrane permeability for any electrolyte either towards cations or anions. In 
1911, Donnan [106] formulated a mathematical equation for membrane potential at 
the boundary between membrane and its surrounding solution. These led to the 
development in the field of ion-exchangers. An ion-exchange membrane plays a vital 
role in numerous areas of life, science and technological engineering [107]. It has a 
wide range of applications in separation and chemical processes, such as diffusion 
dialysis, electrodialysis, electrolysis, and fuel cell [108]. Fluorinated ionomer 
membranes, styrene–divinylbenzene based membranes, polysulfone, sulphonated poly 
(ether ether ketone) (PEEK), polybenzimidazole, polyimide, polyphosphazene, 
styrene/ethylene-butadiene/styrene triblock copolymers are some of the materials that 
can be used in ion-exchange membranes [109]. The basic advantage of using ion-
exchange process in various techniques such as energy conversion devices, storage 
batteries and sensors is mainly because of its non hazardous nature. 
1.2.5. Classification based on geometry 
In order to perform on a useful scale, the membranes must have sufficient area for its 
functioning in various separation and industrial processes. Thus, membranes are 
designed in an economical and efficient way to meet the criteria of large surface area 
for effective separation. They can be categorised in the following shapes (Figure 1.9) 
as: 
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I. Flat sheets/ plates: Flat plates are usually constructed as circular thin flat 
membrane surfaces. The flat modules were one of the earliest types of membrane 
system, but because of their relatively high cost they have been largely replaced in 
most applications by spiral wounds modules and hollow-fiber modules. Flat modules 
are now used only in electrodialysis and pervaporation systems and in a limited 
number of reverse osmosis and ultrafiltration applications with highly fouling 
conditions. 
II. Spiral wounds: Spiral wounds are constructed from similar flat membranes but in 
the form of a “pocket” containing two membrane sheets separated by a highly porous 
support plate [60]. Several such pockets are then wound around a tube to create 
tangential flow geometry and to reduce membrane fouling. The standard industrial 
spiral-wound module is 8-inch in diameter and 40-inch long and has 100 to 200 m2 of 
membrane area. The module is placed inside a tubular pressure vessel. The feed 
solution passes across the membrane surface, and a portion of the feed permeates into 
the membrane envelope, where it spirals towards the centre and exits through the 
collection tube. 
III. Hollow fibers: These consists of an assembly of self-supporting fibers with dense 
skin separation layers, and a more open matrix helping to withstand pressure gradients 
and to maintain structural integrity [60]. They are often used in shell or tube module. 
Hollow-fibre modules are characteristically 4-8 inch (10-20 cm) in diameter and 3-5 
(1.0-1.6 m) feet long. Hollow-fibre units are almost always run with the feed stream 
on the outside of the fibre. These fibres are used in ultrafiltration, pervaporation, and 
some low to medium pressure gas applications. 
 
Figure 1.9. Schematic representation of different geometries of the membrane. 
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The single greatest advantage of hollow-fiber modules is the ability to pack a very 
large membrane area into a single module, increasing the efficiency of the separation 
process. For example, when compared with same dimensions of spiral wound, the 
hollow fibers will contain approximately 600 m2 of membrane area with fibers of 100 
mm. 
1.2.6. Classification based on chemical nature 
The membranes can be classified into three categories: 
I. Organic (polymer): Due to wide variability of properties and barrier structures, 
polymers have profound applications in membrane processes and separation 
mechanisms. The most widely used polymer for this process is cellulose and its 
derivatives. Because of low cost and hydrophilic nature, they can be used in all 
pressure driven operations, in haemodialysis and gas permeation [2]. The cellulose 
ester polymer is resistant to chlorine and thus can be used in water softening, 
clarification and disinfection. Another class of hydrophilic polymer used for 
desalination membranes is polyamide which shows better thermal and chemical 
stability alongwith its permselective properties. Polysulfones (PS) [110], 
polyethersulfone (PES), polytetrafluoroethylene (PTFE), polyvinylidenefluoride 
(PVDF) [111], polyethylene (PE), polycarbonate (PC), polypropylene (PP) [110] are 
some of the commonly used hydrophobic polymer used in membrane processes 
because of their excellent thermal, mechanical and chemical stability with relatively 
high adsorption tendency [112]. 
II. Inorganic: Zeolites, silicates and alumina represents the main class of inorganic 
membranes. These membranes also have superior thermal and mechanical stability 
with respect to polymeric membranes. Zeolite membranes have shown potential 
advantages for desalination in terms of higher permeabilities and selectivities as 
compared to polymeric membranes. Moreover, they exhibit better resistance to harsh 
chemical conditions and can withstand high pressure and temperature [78]. Zeolites 
can also be used for gas separation, pervaporation [113] and in RO separation of 
water-ethanol mixtures [114]. Silicates and alumina are used in RO desalination and 
in ion-selective water filtration [115]. However, these membranes are rather 
unimportant due to their high cost and other disadvantages, such as relative bad 
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electrochemical properties and too large pores than organic membranes, though they 
can undergo higher temperatures [116]. 
III. Mixed-matrix or Composite: The strategy of forming a mixed matrix membrane 
(also known as composite membrane) by dispersing fillers in a polymeric matrix has 
shown advantages in the development of advanced membranes with improved 
properties for numerous separation processes such as gas separation and 
pervaporation [117-119]. These composite materials are increasingly important due to 
their extraordinary properties within a single molecular composite, which arise from 
the synergism between the properties of the components [120]. Different types of 
composite membranes are given in literature [78,121,122] to better understand the 
functions of composite materials. 
1.3. METHODS OF MATERIAL PREPARATION 
There are different methods for material synthesis but the principle underlying the 
membrane formation is always the same, i.e., to control the pore size and pore size 
distribution at the surface layer and to decrease the thickness of the surface layer. The 
various methods for membranes preparations are phase inversion, conventional 
casting, interfacial, sol-gel method, co-precipitation, combustion method, spray 
pyrolysis, micro-emulsion method, dip coating, template based synthesis etc [123]. 
The most prevalent method for synthesis of inorganic, organic and composite 
membranes is described below. 
1.3.1. Inorganic materials and membranes 
Functionalized and non-functionalized silica materials have numerous applications 
because of its porosity. Porosity introduces a large surface area inside the silica 
particles. These silica particles used in ionic polymers can be prepared by sol-gel 
method and microemulsion technique [124]. 
Larsen and Donald [125], Baetsle and Pelsmaekers [126], Clearfield and Stynes [127], 
Alberti and Torracca [128] have given various methods for the preparation of 
zirconium phosphate. Ceramic membranes can be prepared by dip-coating method in 
which the substrate is dipped into ceramic dispersion and subsequently withdrawn 
from that dispersion [129]. The sol-gel process is one of the most appropriate methods 
for the preparation of microporous oxide layers. Two sol-gel routes, polymeric or 
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colloidal, can be used to prepare supported ps involved in the process even at the very 
first stage of precursor chemistry [130ceramic membranes in which the porous 
structure is mainly influenced by the different ste]. Other methods used for preparing 
inorganic hollow fibres include dry spinning a system of inorganic material and 
binder [131], wet spinning a suitable inorganic material-containing solution and/or 
sols [132], depositing fibers from the gas phase on to a substrate, or pyrolyzing the 
polymers [133] and phase inversion [134]. 
1.3.2. Organic materials and membranes 
The first ever organic material used in a fuel cell was a styrenedivinyl benzene 
copolymer followed by perfluorinated membranes in the 60s [124,135]. Apart from 
these perfluorinated membranes various literatures [136-138] are available on organic 
membranes: (a) Acid functionalized or doped poly (benzimidazole) (b) poly (arylene 
ketone) (c) poly (arylene sulfone) (d) poly (sulfides) (e) poly-(phynelene oxides) (f) 
poly (phosphazenes) etc. Blending and polymerization are the two common methods 
to produce PANI containing composites [139,140]. Reactive seeding (RS) method is 
yet another approach to synthesize metal-organic framework. By the RS method, the 
synthesis of seeds and the seeding procedure are simplified to a single step [141]. 
Plasma-graft filling polymerization is yet another method for the preparation of 
membranes used in pervaporation [142]. Within this wide range of alternative 
membrane materials, no membranes are available for real-world applications. Now 
world research is progressing in the direction of composite membranes which are the 
only hope of meeting the requirements of membrane based applications. 
1.3.3. Composite materials and membranes 
Composite materials do not represent only a new class of materials and compounds 
for academic research, but their better distinctive features such as mechanics, density, 
permeability, colour, and hydrophobic nature etc, allows its use in various innovative 
industrial applications. In this regard, the membranes have recently gained much 
attention from desalination of salt-rich water to food production processes and in 
waste water treatment to recover some valuable elements in chemical industry           
[143-146]. 
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These materials can be synthesized by conventional soft chemistry based routes such 
as (a) the copolymerisation of functional organosilanes, macromonomers, and metal 
alkoxides, b) the encapsulation of organic components within sol-gel derived silica or 
metallic oxides, c) the organic functionalisation of nanofillers, nanoclays or other 
compounds with lamellar structures, etc [147].However, the chemical unconventional 
routes includes self-assembly, nanobuilding block approaches, hybrid MOF (Metal 
Organic Frameworks), integrative synthesis, coupled processes, bio-inspired 
strategies, etc. Based on these innovative developments, the composite materials 
propose themselves in numerous promising applications in areas like: optics, 
electronics, ionics, mechanics, energy, environment, biology, medicine, membrane 
separation devices, functional smart coatings, fuel and solar cells, catalysts, sensors, 
etc [147]. 
The properties of the materials are not only the sum of individual contributions of 
both phases, but also the role of the internal interfaces could be predominant. These 
interfaces provide cohesion and linking to the composite materials. The polymers can 
interact or be trapped within the inorganic matrix through a large set of “weak” 
interactions (H-bonds, p–p interactions, van der Waals) [147,148]. 
1.4. BASIC SYNTHESIS APPROACH 
In this report, simple methods have been used to prepare the materials and 
membranes. The following methods are listed below. 
1.4.1. Precipitation method [149] 
The direct precipitation [150-152] took place via the reaction between two substrates 
(reactants) with proper concentrations. The precursor of tin molybdate precipitate was 
obtained by this direct precipitation method via the reaction between the aqueous 
solutions of tin chloride and sodium molybdate in proper concentration. 
Precipitation involves two distinct processes, namely nucleation and growth. 
Nucleation requires that the system is far from equilibrium (high super saturation, or, 
in the case of ionic species, a solubility product far exceeding the solubility constant 
of the solid to be precipitated). Growth of the new phase takes place in conditions 
which gradually approach the equilibrium state. Many procedures are used for 
precipitation. One simple method is to add drop-wise the solution containing the 
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active component to the precipitating solution, or vice-versa. Instantaneous 
precipitation is achieved by two methods. The first consists in pouring continuously, 
in constant proportion, both solutions into a vessel under constant and vigorous 
stirring. The second consists of mixing the solutions through specially designed 
mixing nozzles. 
The processing details that should be followed during processing are: 
    The order and rate of addition of one solution into another 
    The mixing procedure 
    The pH and variation of pH during the process 
    The maturation process 
1.4.2. Precipitation-deposition method [149] 
Precipitation-deposition is a special technique in which an element is deposited onto a 
carrier in suspension in the precipitating solution by slow addition of a precipitating 
agent. In a typical synthesis procedure of Bismuth oxyiodide (BiOI), bismuth nitrate 
was dissolved into acetic acid and potassium iodide was added under vigorous stirring 
for 15 min by a precipitation-deposition method [153]. 
The technique takes advantage of the fact that precipitation onto the carrier needs a 
lower super saturation than formation of the new phase directly from the liquid. It is 
essential to maintain super saturation at a constant moderate level. This is achieved by 
controlled and progressive addition of the precipitating agent. 
1.4.3. Sol-gel method [124,154] 
There are mainly two basic approaches to synthesize organic-inorganic composite 
membranes. The first one deals with the simple physical mixing of inorganic into 
organic matrix with appropriate solvent resulting in the formation of composite with 
micrometer range having large interfacial areas. Another one deals with the co-
polymerization of one monomer usually inorganic, in the presence of other, usually 
organic polymeric solution in the proper solvent and catalyst to have membrane in 
nanometer scale. The general methodology used to prepare these membranes is a sol-
gel process. 
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This process occurs at room temperature in liquid state with organometallic 
precursors by hydrolysis-condensation in presence of suitable catalysts, acid or base. 
The process makes it possible at low temperature and a relatively easy molecular level 
incorporation. When a sufficient number of interconnected M-O-M bonds are formed 
in a region, they interact cooperatively to form colloidal particles or a sol. With time 
the colloidal particles link together to form a three-dimensional network. At gelation, 
the viscosity of the solution increases dramatically and a solid object termed an 
alcogel results, a real sol–gel processes. A technologically important point is that it 
can be formed in any shape or desired configuration. 
Zirconium aluminophosphate (ZrAlP), and phosphonated poly (vinyl alcohol) based 
composite membrane was prepared by sol-gel method [155-159]. It involves 
hydrolysis, condensation and ageing followed by drying of inorganic precursor. 
1.4.4. Membrane/ film forming methods 
These powders are of large size and thus forming methods are applied on them to 
have uniform composition with desired and definite shape such as film and pellets. 
(a) Crushing, grinding [149], and die-casting method: 
Grinding may be an essential preliminary operation. In a powder, which is a 
collection of particles of relatively small size (typically 0.5 µm – l mm), the particles 
may have different shapes and this influences strongly the shaping operations. The 
crushing and/or grinding operation is aimed at producing particles of a size such that 
after the forming operation pores of the desired size are formed. The solidified and 
grounded sample was then pressed using hydraulic stainless steel pellet die at various 
pressure, producing the composite membrane of desired thickness. 
(b) Drop casting method [160]: 
It is a method of pipetting or bubbling of a compound dissolved in solvent onto a 
surface and left to dry. This method has turn out to be a very simple method for film 
formation as there is no wastage of material. The viscous solution was poured into 
Petri dishes by drop casting method and then dried at room temperature for 2-3 days. 
After drying, the films were ready to be used. The film thickness depends on the 
volume of dispersion used and the particle concentration. 
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1.5. PHYSICOCHEMICAL CHARACTERIZATION OF MEMBRANES 
The membranes are broadly characterized for their crystal structure, intermolecular 
interactions, thermal stability, morphology, and physicochemical properties using X-
ray diffraction (XRD), Fourier‒transform infrared (FT‒IR), thermogravimetric 
analysis (TG-DTA), scanning electron microscopy (SEM), and water uptake studies. 
1.5.1. X-ray powder diffraction (XRD) 
It is a rapid analytical technique primarily used for phase identification of a crystalline 
material and can provide information on unit cell dimensions. The basic principle of 
XRD relies on the dual wave/particle nature of X-rays to obtain information about the 
structure of crystalline materials. The analyzed material is finely ground, 
homogenized, and average bulk composition is determined. It’s a technique primarily 
used for the identification and characterization of compounds based on their 
diffraction pattern. 
When an incident beam of monochromatic X-rays interacts with a target material, 
scattering of X-rays from atoms within the target material took place. In materials 
with regular structure (i.e. crystalline), the scattered X-rays undergo constructive and 
destructive interference. This is the process of diffraction. The diffraction of X-rays 
by crystals is described by Bragg’s Law, n λ= 2d sin θ. The directions of possible 
diffractions depend on the size and shape of the unit cell of the material. The 
intensities of the diffracted waves depend on the kind and arrangement of atoms in the 
crystal structure. The applications of XRD include: 
 Characterization of crystalline materials. 
 Identification of fine-grained minerals such as clays and mixed layer clays that 
are difficult to determine optically. 
 Determination of unit cell dimensions. 
 Evaluation of crystallite size using the Debye-Scherrer formula. 
 Measurement of sample purity i.e., determination of presence of a new phase 
or    compound in the parent compound by comparing the JCPDS. 
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1.5.2. Fourier-Transform infrared spectroscopy (FT-IR) 
FT-IR spectroscopy is a highly diverse molecular spectroscopy technique and 
chemical analysis method which identifies chemical bonds in a molecule by 
producing an infrared absorption spectrum. In this technique, IR radiation is passed 
through the sample allowing some of the radiations to be absorbed and some others to 
be transmitted. These absorption and transmission creates a profile spectrum of the 
sample, a distinctive molecular fingerprint that can be used to screen and scan 
samples for many different components. Thus, it’s a fundamental technique to 
identify functional groups and to elucidate the chemical structure. 
Fourier Transform Infrared (FT-IR) spectroscopy is preferred over dispersive methods 
of spectral analysis because of following reasons: 
 It is a non destructive technique. 
 It can measure all the infrared frequencies simultaneously, thus reducing the 
scan   time per sample to approximately few seconds. 
 It has signal-to-noise ratio high, thereby increases sensitivity. 
 It provides a precise measurement method which requires no external 
calibration, i.e., accuracy of wave number is high. 
 It is mechanically simple with only one moving part. 
 It has reduced interference from stray lights. 
1.5.3. Thermal Analysis (TA) 
Thermal analysis involves the measurement of certain physical and chemical 
properties of the material as a function of temperature. These properties are mainly 
enthalpy, entropy, heat capacity, mass and coefficient of thermal expansion. These 
methods are usually not equilibrium methods i.e., there is no thermal equilibrium 
between the sample and the surroundings can be taken into account by the 
determination of the thermal lag. This is mainly because of the fact that the change in 
the sample temperature does not take place so slowly that there is thermal equilibrium 
both between the sample and its surroundings and inside the sample. 
Thermogravimetry (TG) and differential thermal analysis (DTA) are the main 
techniques of thermal analysis. 
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TG measures the change in mass of the sample as a function of temperature or time, 
whereas DTA measures the changes in heat content of the sample as a function of 
temperature. The changes in heat content can be calculated in terms of difference in 
temperature between a sample and an inert reference material. In DTA, The 
temperatures should be the same until some thermal event, such as melting, 
decomposition or change in crystal structure, occurs, in which case the sample 
temperature either lags behind (if the change is endothermic) or leads (if the change is 
exothermic) the reference temperature.  
Differential Scanning Calorimetry, or DSC, is a thermal analysis technique almost 
similar to DTA that looks at how a material’s heat capacity (Cp) is changed by 
temperature. A sample of known mass is heated or cooled and the changes in its heat 
capacity are tracked as changes in the heat flow. This allows the detection of 
transitions like melts, glass transitions, phase changes, and curing. Because of this 
flexibility, DSC is used in many industries including pharmaceuticals, polymers, food, 
paper, printing, manufacturing, agriculture, semiconductors, and electronics as most 
materials exhibit some sort of transitions. The biggest advantage of DSC is the ease 
and speed with which it can be used to see transitions in materials. DSC is very 
similar to DTA. A sample and an inert reference are also used but the cell design is 
different. In some DSC cells, the sample and reference are maintained at the same 
temperature during heating and the extra heat input to the sample (or to the reference 
if the sample undergoes an exothermic change) required in order to maintain this 
balance, is measured. Enthalpy changes are therefore measured directly [161]. 
1.5.4. Scanning Electron Microscopy (SEM) 
It is a technique utilising the electron microscope that produces images of a sample by 
scanning it with a focussed beam of electrons. These electrons interact with atoms of 
the sample producing various signals.  These signals can thus be detected to have 
information about texture, sample surface topography and composition. Various types 
of signals (SE, BSE, CL etc) are produced from the interactions of electron beam with 
atoms of the sample. Among them, secondary electron imaging is considered to be the 
most common and standard mode of detection as the SEM images produced are of 
very high resolution, revealing details less than 1 nm in size. By scanning the sample 
and detecting the secondary electrons, an image displaying the tilt of the surface is 
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created. Due to the very narrow electron beam, SEM micrographs have a large depth 
of field yielding a characteristic three-dimensional appearance useful for 
understanding the surface structure of a sample. 
The samples to be investigated must be electrically conductive, at least the surface to 
prevent the accumulation of electrostatic charge at the surface. The nonconductive 
samples causes scanning faults and other image artifacts, therefore coated with 
ultrathin coating of conductive materials to avoid charging when scanned by the 
electron beam. 
1.5.5. Water uptake % and swelling properties of the membrane 
The water uptake % was used to calculate the amount of water uptake by the 
interstices or pores of the membrane.The water uptake of the membrane was 
determined by measuring the change in the weight after the hydration. Firstly, the 
membrane was then immersed in double distilled water (or in 1M solutions of NaCl 
and KCl separately, as per study) at room temperature for 12 h and the weight of 
wetted membrane (Wwet) was determined after removing the excess water attached to 
its surface. Secondly, the weight of the dry membrane (Wdry) was determined by 
drying it at 60 ℃P in an oven. 
                                           Water uptake % = �Wwet− Wdry�
Wdry
× 100                           (3) 
The increase in weight of the membrane was equal to the weight of the liquid sorbed 
by it. The process was repeated several times to avoid error due to the surface water. 
The surface swelling characteristics were determined by measuring the change of the 
membrane geometrical area upon equilibrating the membranes in double distilled 
water at room temperature for 24 h. The swelling ratio was calculated by the 
following equation: 
                                               Swelling % = �Awet− Adry�
Adry
× 100                                (4) 
Examples of composite membranes having these properties are listed in Table 1.4. 
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Table 1.4. Composite membranes with important physical and electrochemical 
properties. 
Polymer Inorganic material Property (water uptake) References 
Nafion Tetraethylorthosilicate ~20% increase compared 
to Nafion 
[162] 
 Diphenyldichlorosilane ~16-21% [163-165] 
 ZrO2 ~20-25% higher [166] 
 Heteropolyacids ~60-95% [167] 
 Poly(oxypropylene) 
backboned quaternary 
ammonium salt    
~ 28–32% [168] 
 SO3H modified clay ~ 70–87% [169] 
Nafion 115  ~41% , thickness 130µm [170] 
 ZP (25%) ~33%, thickness 170 µm [170] 
SPEEK TiO2 ~5% [171] 
 BPO4 ~35% [172] 
Poly(ether 
sulfone) 
SO3H–SiO2 ~20% [173] 
 PO3H2–SiO2                  ~28% [174] 
Poly(ether imide) SO3H–SiO2 ~20% [173] 
Poly(vinyl 
alcohol) 
SO3H–SiO2 ~32% [175] 
 PO3H2–SiO2 ~123% [176] 
sPES SS ~11.32% [177] 
 
1.6. ELECTROCHEMICAL CHARACTERIZATION OF MEMBRANES 
1.6.1. Membrane potential 
Membrane potential is the voltage difference that exists between the interior and 
exterior of the cell membrane. This voltage difference or change in electrical potential 
is due to the movement of ions across the membrane. 
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Membranes often respond to a few gradients that they experience between either sides 
of the membrane. If the gradient is concentration, dialysis process results [178]. In 
such dialysis system, when a charged membrane separates electrolyte solutions of the 
same salt with unequal concentration, there develops a contact region across the 
membranes and these regions are considered as junctions for the same electrolyte. 
Due to unequal electrolyte concentration the membrane acquires an electrical charge. 
This electric charge may arise through several mechanisms including dissociation of 
functional groups [179,180] or adsorption of charged species from the solution onto 
the pore walls [77]. This results in the development of electrical potential difference 
across the membrane due to unequal flow of ions. Thus, to determine membrane 
potential is a significant method for characterizing transport phenomena across a 
charged membrane. 
The membrane potential can be considered as sum of contributions from two Donnan 
potentials at left and right surface of the membrane, and a diffusion potential across 
the membrane. Teorell-Meyer and Sievers [181] gave a theoretical model with an 
idealized equation to explain these phenomena based on Donnan equilibrium theory 
and Nernst-Planck equation [51]. 
                     Ѱ𝑚  = 59.2 �  log C2�4C12+D�2 +D�
C1�4C2
2+D�2+D�
 + U� log �4C22+D�2+D�U�
�4C1
2+D�2
 
+D�U�
�                       (5) 
                                                         U� =  �u�− v�
u�+ v��                                                         (6) 
where u� and v� are the cation and anion mobilities (m2v-1s-1) respectively, and D� is the 
fixed charge density of the membrane expressed in equivalents per unit volume. 
The Donnan potential arises because of the charge on pore walls of the membrane. 
These charges on the pore walls may be positive or negative. The charges repel ions 
with similar charge as that of membrane pore i.e., co-ions and attracts ions with 
opposite charge to that of pore i.e., counter-ions. As a result, the counter-ions diffuse 
through the pores and will have higher concentration in the membrane phase than in 
solution phase, whereas the co-ions are excluded from the pores and will have lower 
concentration in the membrane phase than in solution phase. In the presence of an 
electrolyte concentration difference across the membrane, the counter-ions would 
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diffuse through the pores to the low concentration side of the membrane, but since the 
co-ions excluded from pores, would build up at the high concentration entrance to the 
pores [182]. This separation of charge would result in an electrical potential which 
leads to the formation of an electrical double layer, so that a charged surface and a 
neutralizing excess of counter-ions exists in the adjacent solution [183,77]. 
The diffusion potential arises because of the difference in mobilities of cations and 
anions. The ions of the electrolyte have different mobilities and thus affects the 
transport. The fast moving ions diffuses rapidly from high concentrated side to low 
concentrated side through junctions to maintain the electro-neutrality condition. 
Meanwhile, the slow moving ions are left behind on the higher concentration side. 
This type of ion distribution is purely due to diffusion and electro-migration, and the 
separation of charge would result in electrical potential. 
The TMS theory relies on following assumptions (1) all electrolytes dissolve 
perfectly, (2) the electrical charge of the membrane is uniform, (3) the transference of 
water from either side of the membrane may be ignored, (4) the effect of the diffusion 
boundary layer at membrane-solution interface is negligible, (5) the activity 
coefficients of all ions are equal to unity, (6) the fixed charge groups are 
homogeneously distributed in the membrane, and (7) the cation and anion mobilities 
and fixed charge concentrations are constant throughout the membrane phase and are 
independent of the electrolyte concentration. Another assumption is that the activity 
coefficient of the salt is the same in both the membrane and solution phase. 
1.6.2. Transport number and mobility ratio of the membrane 
Transport number is the fraction of total current carried by counter-ions passing 
through the membrane. The transport number can be calculated by using the equation: 
                                               Ѱm  =   RTF  �t+ −  t_� ln a2a1                                            (7)               
where R , T  and F  are gas constant, absolute temperature and Faraday constant 
respectively. a1 and a2 are the mean activity coefficients of electrolytic solutions in 
the testing glass chamber and, t+ and t− are the transport number of cation and anion 
respectively. Ѱm  is the membrane potential, thus it plays a very important role in 
determining the transport characteristics of the membrane. The ratio of ionic 
mobilities of cations to anions is known as mobility ratio (ω�).  
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                                                              ω� = t+
t−
=  u�
v�
                            (8) 
where u�  and v� are the molar mobilities of cation and anion respectively. Thus, the 
transport number gives us information about the mobility ratio. Furthermore, the 
transport property also depends on the electrical charge present on the membrane. For 
slightly charged membranes, the Donnan effect of the co-ions can be neglected and 
the diffusion potential is mainly responsible for the membrane potential due to the 
different mobilities of co-ions and counter-ions in the membrane. 
1.6.3. Fixed charge density of the membrane 
The charge density refers to the charge distribution over the volume of a particle, such 
as molecule, atom or ion. Fixed charge density means that the charge density does not 
change with time. The effective fixed charge concentration indicates the number of 
counter ions which can be taken up or exchanged, and it depends on the experimental 
conditions. The effective value of fixed charge is always lower than the corresponding 
concentration of fixed ionic groups, indicating that not all of the fixed charge groups 
play an acute role in the ion transport. 
Apart from the TMS model, Kobatake et al. [184,185], Nagasawa and co workers 
[186,187] has also given equations to determine the fixed charge density of the 
membrane. 
Kobatake has given two limiting forms of the equation: 
(i) At low salt concentration     Ѱm =  RTF  �1β  lnγ − �γ−1αβγ� �1 +  1β −  2α� C1θX�            (9)        
(ii) At high salt concentration       1
t−app
 =  1
1−α
  +  α (γ−1)(1−α) γ lnγ  �θXC1�                         (10) 
Nagasawa has given the equation as: 
                −Ѱm = RT F  � γγ−1�  �θX2 �  1C1                                   (11) 
to calculate the fixed charge density of the membrane. 
The values of fixed charge density obtained from these methods agreed well with 
each other with some deviations. Some of the assumptions must be taken into 
consideration, such as: 
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 The fixed charge groups were distributed homogeneously in the ideal charged 
membrane; however, the fixed charge density given here could not reflect the 
effects of the distribution of charge groups. 
 The cation and anion mobilities are constant throughout the membrane phase 
and are independent of the electrolyte concentration: however, there is 
difference in the mobilities of ions in water and membrane phase. 
1.6.4. Permselectivity of the membrane 
Permselectivity is the restriction of permeation of certain components across the 
membrane on the basis of size, charge, and physical configuration. The 
permselectivity is a measure of the characteristic difference in the membrane 
permeability for counter-ions and co-ions. The cation exchange membrane is said to 
be perfectly permselective if it allows only the transport of counter-ions while 
blocking the transport of co-ions. The permselectivity depends on the properties of the 
electrolyte ions used in the study. The nature of the counter-ions influences the 
membrane water content, which is often linked to ion transport properties [188], and 
binding affinity between counterions and fixed charge groups within the membrane 
correlate with permselectivity [189]. The counter-ion type influences the binding 
affinity between counter-ions and polymer fixed charge groups, and higher binding 
affinity between fixed charge sites and counter-ions within the membrane decreases 
the effective membrane charge density. As a result permselectivity decreases. 
Whereas the co-ions that are charge dense and have low polarizability tended to result 
in high membrane permselectivity. 
The permselectivity ( Ps ) of a cation exchange membrane can be calculated from the 
transport number using the Eq : 
                                                         Ps  =   (t+m − t+) t−                                                  (12) 
Where t+m refers to the transport number of counter-ions in the membrane phase, t+ 
and t− refers to the transport number of counter and co-ions in the solution phase 
respectively. 
From the Ps value, we can further calculate the fixed charge density of the membrane (θX) using the equation:                                      
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                                                     1
�4ξ2+1
= 1−t−app−α
α−(2α−1)(1−t−app) ≡ Ps                           (13) 
                                                                where  ξ =  C θX⁄  
If Ps becomes equal to unity, t−app = 0 i.e no transport of co-ions, whereas (2) If Ps 
becomes zero, t−app = 1 −  α  i.e anions behave as in bulk solution or as in a 
membrane having no fixed charge. 
1.7. APPLICATIONS OF MEMBRANES 
Membranes play a central role in our daily life. J. Mulder in one of his book quotes 
that “If you are tired of membranes, you are tired of life”. Thus, it shows how 
indispensable the membranes are. For the membranes to be used in industrial 
applications, it must fulfill all the necessary criteria. Biological membranes are hardly 
used in industrial applications, but separations with synthetic membranes have 
become increasingly important. Over the last two decades, the improvement and 
advances in membrane technology has led it to forefront, as its processes are now in 
competition with the physical processes like selective adsorption, absorption, solvent 
extraction, distillation, cryogenic gas separation etc. The feature which distinguishes 
the membrane separation from other separation technique is the involvement of 
another phase i.e., membrane. The membrane technology has enormous applications 
in industrial sectors; chemical, petrochemical, mineral and metallurgical, food, 
biotechnology, pharmaceuticals, paper and pulp, electronics and water treatment. 
Membranes can achieve various types of separations through their ability to perform 
any of these functions: 
(i) Change the composition of a solution 
(ii) Chemically or physically modify any of the permeating species 
(iii) Prevent permeation of certain species 
(iv) Regulate permeation of certain species 
(v) Conduct electrical current 
Thus, apart from the use in separations, recovery and purification, it can be used in 
reactors (electrochemical cells, membrane reactors), in power sources (batteries, fuel 
cells), and in sensors. The technically and commercially most relevant processes are 
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pressure driven processes, such as reverse osmosis, ultra and micro filtration or gas 
separation, concentration-gradient driven processes such as dialysis, partial pressure 
driven processes such as pervaporation and electrical-potential-driven processes such 
as electrolysis and electrodialysis. The function of a membrane in a separation process 
is determined by its transport properties for different components in a mixture. 
1.7.1. Reverse Osmosis 
Seawater desalination by reverse osmosis 
Reverse osmosis is currently the major contributor to the seawater desalination, with 
85% market share. Economics, energy consumption, and the advancement in 
technology have given its more applicability than multistage flush distillation (MSF) 
in market. RO requires much less energy 2.71* 108 J while MSF require 1.06 * 109 J 
to produce 3.79 cm3 (1000gal) of freshwater. Approximately one-half of the reverse 
osmosis systems currently installed are desalinating seawater [82]. 
Removal of small organic molecules from water 
In 1980s membranes were developed for removing organic solutes from water. There 
are small organic molecules in the drinking water which need to be eliminated. This 
technology helps us to remove dispersed colloidal particles, microorganisms, 
electrolyte solutes, organic solutes, and dissolved gases. 
1.7.2. Ultrafiltration (UF) and microfiltration 
Cleaning of tap water 
Tap water cleaners consisting of microfiltration hollow fiber membranes, calcium 
carbonate and activated carbon bed are used to make water odourless, tasteless, and 
colourless. Ultrafiltration includes applications in food, pharmaceuticals and 
biotechnology, water purification, and waste treatment in the chemical and paper 
industries. 
Dairy applications 
Cheese whey, a supernatant stream produced in cheese processes comprises 90% of 
the original milk volume. UF is being used for preconcentrating the protein content in 
the milk prior to cheese making. 
The largest use of ultrafiltration is in the production of whey protein concentrate. 
Pasteurized whey is first clarified to remove suspended particulates and centrifuged at 
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high speed to remove fat. Pasteurization also decreases membrane fouling by 
increasing the binding of calcium phosphate to proteins. UF can also be used to 
concentrate both whole and skim milk and decreases its lactose content. 
Fruit juice clarification 
It is now an established application in the removal of haze components from apple 
juice [190]. Conventional clarification requires various unit operations such as 
centrifugation, treatment with pectinases, and rotator vacuum filtration with 
diatomaceous earth. In comparison, membrane clarification provides simpler 
operation, better separation, and higher juice yield. It is also used for other fruit juices 
such as grape, pineapple, cranberry, and pear. Other related application in which UF 
has been tested is in tomato processing [191]. 
Downstream processing 
Recovery of vaccines and antibiotics from fermentation broth is an area of increasing 
importance. Cells are first removed by microfiltration and then proteins and 
polysaccharides by UF using a membrane. The UF permeate is concentrated by RO 
and the antibiotic is finally purified by HPLC. 
Effluent treatment 
Contaminated caustic from textile scouring or mercerizing operations is recycled 
through tubular membranes. Oil and grease from can washing has also been recovered 
using polyvilylidenefluoride tubular membranes [192]. The paper and pulp industry 
has several effluent control and product recovery applications. Lignosulfonate 
separation from spent sulfite liquor and lignin and colour removal by black liquor are 
evolving applications. 
1.7.3. Gas separation 
SEPEREX systems 
This system uses cellulose acetate membrane in spiral wound form. CO2 and H2S 
gases permeate through these membranes 20 to 60 times faster than methane, enabling 
removal of highly acidic gases. 
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GASEP systems 
This system also utilizes spiral wound cellulose acetate membrane. These systems 
have been used for the sweetening of natural gas by removing H2S and CO2, and the 
separation of CO2/ methane mixtures in landfills, and the separation of hydrogen in 
coal gasification processes. 
Separation of oxygen and nitrogen 
It is one of the most important separation techniques to obtain oxygen enriched gas 
that is used in the medical field as a heart-lung oxygenator. 
Helium recovery from natural gas 
Helium in its liquid state and below its low boiling point provides an excellent 
cryogenic environment needed for freezing biological specimens and for 
superconductors. Helium is chemically inert and provides a chemically inert 
environment for gas-shielded arc welding and for controlled atmosphere in which the 
semiconductor crystals can grow. Alberta Helium plant has been built for such type of 
separation. It removes or recovers gases such as carbon dioxide, hydrogen sulfide, 
hydrogen, and helium. 
Separation of hydrocarbons from air 
Due to increased pollution it becomes necessary to remove the volatile organic 
compounds from air. Membranes based on silicone rubber are generally used in these 
systems as the rubbery polymer recover highly concentrated vapour to the permeate 
side of the membrane, from air contaminated by such hydrocarbon vapours. 
1.7.4. Pervaporation 
Dehydration of ethyl alcohol 
The most important application of the pervaporation is dehydration of ethyl alcohol. 
Though, the various processes such as distillation, and reverse osmosis has been used, 
but due to high energy consumption and limited product, have been replaced. 
Distillation is more favourable for the concentration of ethyl alcohol from low 
concentration to 85%, while pervaporation is used for the concentration of ethyl 
alcohol from 85% to 99%. 
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Removal of organic solvent contaminants from industrial effluent streams 
Hydrophobic membranes, those made of silicone rubber material can be used for the 
separation of an aqueous solution. The organic components of the mixture permeate 
preferentially through these membranes. Thus it removes and concentrates the organic 
contaminants in the industrial wastewater. 
Methanol recovery from Methanol/ MTBE/ C4 mixtures 
When ethanol reacts with isobutene over an acidic ion-exchange catalyst, methyl 
tertiary butyl ether (MTBE) is produced. The conversion is limited by thermodynamic 
equilibrium. In commercial practice the isobutene conversion of 87 to 94% is possible 
with molar ratio of methanol to isobutene approximately equal to 1. With higher 
methanol fed the conversion was expected to be more, but it imposes additional 
separation problem due to the formation of azeotropes in the reaction product. Then, 
TRIM process based on the pervaporation principle has been used for the maximum 
recovery of methanol. 
1.7.5. Analytical applications 
A number of studies have been conducted to use the selective transport properties of 
the membranes as a means of separating gases and specific organics from liquid 
matrices for analytical purposes (e.g., Dheandhanoo 1989; Melcher and Morabito 
1990; Fogelquist et al., 1986). Teflon, silicone and microporous polypropylene 
membranes have been evaluated and used in variety of different applications 
including studies of reaction kinetics (Calvo et al., 1981; Bier et al., 1987), 
measurement of blood-gas concentrations (Meyer et al., 1988), and automated online 
measurements of organics in aqueous solutions (Dheandhanoo 1989; Melcher and 
Morabito 1990) [2]. 
1.7.6. Membrane applications in Life Science 
Membranes in Haemodialysis 
The treatment of kidney patients by hemodialysis with tubular sheet or capillary 
membranes represents a convincing story in the field of medical therapy. In 2005, 
about 1.9 million kidney patients have undergone treatment for end-stage renal 
disease and nearly 1.5 million patients have to owe their lives to hemodialysis and 
related devices such as membranes, tubing system and so on [193]. The separation of 
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water and toxins from blood, as observed in the glomeruli of the kidney, is also a 
membrane process. Nowadays, high flux membranes are usually made by new 
synthetic materials such as polysulfone, polyethersulfone, polyacrylonitrile, 
polyamide, and polymethymethacrylate. 
1.7.7. Membrane applications in red and white biotechnology 
In living systems, membrane and membrane processes play a crucial role in the 
survival, growth, metabolism, defense, and reproduction processes. Membrane 
processes are finding application in biotechnology at every stage. This includes sterile 
dosage of substrates into the bioreactor, bubble free aeration, and retention of 
biocatalysts using a variety of techniques, as well as product concentration and 
recovery based on different unit operations. 
Bubble free aeration 
In the case of biotransformations where aeration is required for the supply of oxygen, 
gas sparging is the preferred method because of the large mass transfer rates and 
operational simplicity. However, it may damage the animal cell. In order to avoid 
such damage, bubble free aeration has been achieved by the use of silicon membrane 
tubing, which allows the gas to diffuse into the medium without bubble formation. 
These tubings also have higher permeability for CO2 than O2, as a result of which 
there is no accumulation of CO2 in the medium. 
Filtration processes 
The membranes with fairly well defined pore sizes can be used to carry out separation 
processes for the retention of biocatalysts, cofactors, salts, and solvents. 
Adsorption of microorganisms 
Adsorption is a common phenomena employed for the purification of biological 
products. In this process material accumulates on the surface of a solid adsorbent 
having multiplicity of pores of different sizes. 
1.7.8. Membrane processes in Biotechnology 
The membrane separation processes are non thermal, gentle, and no additives are 
required and thus prove to be ideal for the treatment of bioactive compound solutions. 
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Membrane processes contribute to the various aspects of biotechnology, which are 
mentioned below: 
(i) Improvements in methods for recovery and reuse of enzymes or whole cells. 
(ii) Developments in methods for their immobilization. 
(iii) Development of enzyme membrane reactors. 
Bioactive hybrids find applications in the field of biotechnology for the realization of 
biosensors and bioreactors. These fields have been recently reviewed by Livage et al. 
[194]. They take advantage of the high activity of enzymes, antibodies or micro-
organisms to perform specific reactions that would not be possible with the usual 
chemical routes. Active biospecies are immobilized on or in solid substrates in order 
to be reusable and protect them from denaturation. Various microorganisms such as 
fungi and bacteria produce enzymes which are utilized in the fermentation processes 
for the production of pharmaceuticals, beverages, and food etc. Synthetic polymers 
such as polyacrylamides, polyvinylalcohol and biopolymers such as proteins- 
albumin, collagen, and gelatin are currently used for bio-immobilization via covalent 
binding or entrapment [147]. Optical bio-sensors or amperometric biosensors have 
been extensively used in biosensors for the titration of glucose [195]. 
1.7.9. Proton-exchange membrane fuel cell (PEMFC) applications 
In the fuel cell core, the main important part for cell efficiency and durability is the 
proton exchange membrane [196]. Its role is to allow proton transport from the anode 
to the cathode, to be an electron nonconductive material and to act as a gas separating 
barrier (H2, O2). Typical membranes are made of organic polymers containing acidic 
functions such as carboxylic, sulfonic or phosphonic groups which dissociate when 
solvated with water, allowing H3O+ hydrated proton transport. Therefore, the 
membrane performance is related to the ionic group amount and to the hydration rate 
[147]. Among the potential materials, aromatic-based polymers such as polysulfones 
[197], poly(benzimidazoles) [198], poly(imides) or poly(aryletherketones), so-called 
PEEK [199], are possible candidates but they need to be functionalized with sulfonic 
groups to become conductive. 
The flow chart (Figure 1.10) clearly shows the applicability of composite ion-
exchange membranes in various processes and day to day human life. 
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Figure 1.10. Summary of applications of composite ion-exchange membranes in 
various processes. 
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2.1. INTRODUCTION 
The transportation of ions across the membrane is an important phenomenon for 
various applications. The separation processes based on ion transport have gained 
interest for enormous applications in the areas of biotechnology, nano-technology and 
membrane based energy devices [1]. Apart from these applications the membranes 
were also used as sensors [2], carrier of functional materials [3] and in the generation 
of photo voltage and photocurrent [4]. Membrane potential measurement is important 
to characterize the transport processes. The ionic selectivity of the membrane depends 
strongly on its fixed charge density. This phenomenon results due to ion-pair 
formation between the fixed charge group and the counter-ion in the membrane [5,6]. 
These types of membranes have been synthesized to set the paradigm, but the 
demands of low cost and easy operational techniques are forcing researchers to 
synthesize new membranes. 
In this context, various separation membranes such as membranes for microfiltration, 
nanofiltration, ultrafiltration, reverse osmosis, pervaporation, gas separation and 
liquid membranes have been studied and industrially used. The ion-exchange 
membrane is one of the most advanced separation membranes among these separation 
membranes [7]. Because of the development of electrical potential difference between 
membrane and unequal electrolyte solutions which are in equilibrium, these charged 
membranes have applications in various processes such as water treatment filtration 
[8,9], electrokinetic energy conversion [10], fuel cell proton exchange [11,12]. 
Furthermore, these ionic composite membranes have extended applications in the 
fields of optoelectronic [13], ion-conduction [14], catalysis [15] and membranes 
[16,17]. A major profit of the composite membranes lies to the synergistic effects 
shown by organic and inorganic matrix with improved properties in comparison to the 
unique properties of their each counterpart. The polymer provides cross-linked 
framework to account for the mechanical stability and flexibility of the composite 
material, whereas inorganic material provides thermal stability. The properties of the 
materials are not only the sum of the individual contributions of both phases, but the 
role of the inner interfaces could be predominant. These interfaces provide cohesion 
and linking to the composite materials. The polymers can interact or be trapped within 
the inorganic matrix through a large set of fuzzy interactions (H-bonds, π-π 
interactions, van der Waals) [18].  
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Due to the enormous practical applications of composite membranes, the membrane 
potential and other electrochemical properties has been extensively studied. These 
parameters are also helpful in determining the electrical properties or ionic transport 
characteristics through charged membranes. The major advantage of using these 
organic and inorganic components lies in the principle that we can enhance the 
performance of these membranes by changing the size of inorganic filler or by 
changing the functional group of the polymer.  
This work deals with the synthesis of polystyrene based tin molybdate composite 
material via conventional sol gel pathways [19-23]. It is a simple, low cost and 
versatile pathway to yield composite materials, exhibiting infinite microstructure that 
can be easily shaped as membranes or films. The membrane potential is defined as a 
potential difference arising between the solutions of an electrolyte with different 
concentrations at a constant temperature and pressure when they are separated by a 
uniform charged membrane [24]. Thus, the membrane potential was investigated for 
different monovalent electrolytes with varying concentrations. Fixed charge density 
values were calculated from the membrane potential through various theoretical 
models such as Teorell, Meyer and Sievers [25,26], Kobatake and co-workers 
[27,28], Nagasawa et al [29,30]. It is an effective factor to investigate the efficiency of 
transport mechanisms, as it affects the transport of ions or charged species across the 
membrane. Theoretical values were found to agree well with corresponding 
experimental data. With co-ion held constant, the effect of binding affinity of counter-
ions (Li+, Na+, NH4+ and K+) on fixed groups of the polymer were also studied for 
permselectivity of the membrane. 
2.2. EXPERIMENTAL SECTION 
2.2.1. Reagents and scheme 
All reagents and precursors, tin chloride (Otto Kemi > 99%), sodium molybdate (Otto 
Kemi > 99%), polystyrene (PS), lithium chloride (Otto Kemi, anhydrous > 99%), 
were used as received. Sodium chloride (E. Merck > 99%), potassium chloride 
(Himedia), ammonium chloride (extra pure, Thomas Baker) salts were obtained 
commercially and their solutions of different concentrations were used as electrolytes 
without further purification. Double distilled water was used to prepare solutions and 
experimental procedures were conducted at room temperature (25 ± 1 °PC). 
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2.2.2. Development of the composite membrane 
Figure 2.1 demonstrates the fabrication of composite membrane involving various 
steps: 
Figure 2.1. Flow chart for the fabrication of polystyrene-tin molybdate composite 
membrane. 
2.2.2.1. Formation of tin molybdate (TM) by sol gel method 
Formation of tin molybdate involves the procedure of hydrolysis, condensation and 
ageing followed by drying of inorganic precursor. In particular, a blend of 0.2 M tin 
chloride and 0.2 M sodium molybdate in double distilled water; was stirred by using a 
mechanical agitator to obtain the precipitate of tin molybdate. The pH of the mixture 
was adjusted to 7 by adding 0.1 M NaOH solution under constant stirring and the 
resultant precipitate was left for ageing for 24 hours at room temperature. The TM 
precipitate thus obtained was filtered and washed multiple times with distilled water 
to remove excess salts. Finally, the precipitated product was dried at 100 ℃ in an 
oven, ground to fine powder using pestle and mortar and was sieved with a mesh size 
of 200 (≤75 μm = 0.0029 inches). 
2.2.2.2. Membrane fabrication 
Polystyrene was also sieved with the mesh of same size and was used as a binder to 
enhance the structural integrity of the membrane. The composite membrane was 
prepared by cast die method as reported by Rafiuddin et. al [31,32]. In this procedure, 
polymer: inorganic ratio (25:75) by weight was homogeneously mixed in mortar 
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pestle for 2 hours to have uniform contact. Those containing greater or lesser amounts 
of polystyrene ratio were found to be unstable for further investigation [31,32]. More 
increase in polymer ratio results in more polymer chains and increase in the number 
of obstacles. Thus, cation exchange sites for the membrane decreases and affects its 
application in membrane processes. The mixture was then placed in a furnace 
maintained at 150 ℃ for 3 hours to equilibrate the reaction mixture, and then pressed 
in a hydraulic press (SL-89, UK) for 5 minutes at 5 tons pressure. Before use, 
membrane samples were equilibrated in the electrolyte solution of interest for at least 
24 hours prior to the measurement. 
2.2.3. Characterization of the composite membrane 
Thermal stability and degradation route of the composite membrane was recorded 
using (TG-DTA) Shimadzu DTG-60 H, operated under a nitrogen atmosphere with a 
heating rate of 20 °  C/min from 25-600 ℃. Scanning electron microscopy (SEM) 
image was obtained using JEOL JSM-6510 LV with an acceleration voltage of 20 kV; 
to elucidate the morphology of PS incorporated TM composite membrane. The 
sample was mounted on a sample stud using double-sided conductive tape. X-ray 
diffraction (XRD) analysis was done to obtain the crystallographic structure of the 
synthesized composite membrane using Rigaku Miniflex X-ray diffractometer with 
Cu-Kα radiation (λ=1.5405 Å), having scanning speed of 4°P/min with the diffraction 
angle in the range of 2θ = 20-80°P. Fourier-transform infrared (FT-IR) spectra of 
synthesized composite membrane were collected on Interspec 2020 FT-IR 
spectrometer, spectrolab (UK). KBr disc method is employed for composite samples 
at room temperature for observation. 
2.2.4. Water uptake % and swelling degree (SD) of the membrane 
Water uptake is an approach to study the behavior of composite membrane when it 
comes in contact with water. The membrane sample was immersed in double distilled 
water at room temperature for 24 hours. The excess moisture was wiped carefully 
with Whatman filter paper and weight of the membrane sample was recorded. The 
membrane sample was then dried at 80 ℃P in an oven and was reweighed. Water 
uptake % was calculated by using Eq. 1: 
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                         Water uptake % = �Wwet− Wdry�
Wwet
× 100                     (1)                                                                          
where Wwet and Wdry  are wet and dry mass of the membrane respectively. Water 
uptake % gives the amount of water uptake by the interstices or pores of the 
membrane. Increase in weight was equal to weight of the liquid sorbed by the 
membrane. The measurements were repeated several times using different membrane 
samples to avoid error due to the surface water and the average value was used. 
Swelling is yet another property to characterize membrane by measuring the 
difference in thickness of dry membrane for those equilibrated in 1 M NaCl solution 
for 24 hours. 
2.2.5. Electrochemical studies of the composite membrane 
Membrane potential, transport number and permselectivity are the criteria for 
evaluating electrochemical properties of the membrane. Membrane potential was 
determined by placing the membrane vertically (having an effective area of 4.71 cm2) 
in a 2- compartment glass chamber with varying concentration of electrolytes ranging 
from 1 to 0.001 mol L-1 in the 5 series. Electric potential was measured using the 
digital potentiometer (Electronics India-118) and platinum electrode was used as a 
reference across the membrane. 
2.3. RESULTS AND DISCUSSION 
2.3.1. Characterization of the composite membrane 
The thermal study of the composite material has been illustrated by a TG-DTA curve 
(Figure 2.2). The TGA curve shows weight loss of 9.92% at 92.36 ℃P confirming the 
presence of low water molecules in the composite material. Further decline in TGA 
curve, signifies the weight loss of 22.78% of composite material in the temperature 
range of 310-450 ℃P. This is mainly attributed to the removal of lattice water from the 
material and may be due to complete decomposition of the organic part of the 
composite. Further, a very slight decrease in weight loss from 450 ℃P onwards shows 
an almost smooth horizontal section, depicts the complete formation of the oxide form 
of the material [33]. The above data analysis signifies the thermal stability of the 
composite material. 
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 Figure 2.2. TG-DTA curve of the polystyrene-tin molybdtae composite membrane. 
 
Figure 2.3. Scanning electron micrograph of the polystyrene-tin molybdat composite 
membrane. 
The morphology of the sample was characterized by SEM interpretations. Based on 
SEM observation (Figure 2.3), the grain size obtained is about 3 μm. The uniformity 
of material is evidenced by the low magnification SEM image. It shows the porous 
architecture having loose array of grains forming a continuous film without any 
aggregation on the surface. The voids or pores within the material facilitates 
electrolyte diffusion and promotes ion transport. 
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XRD pattern of the polystyrene blended tin molybdate composite material confirms it 
to be amorphous in nature (Figure 2.4).  
 
Figure  2.4. X-Ray diffraction pattern of the polystyrene-tin molybdate composite 
membrane. 
FT-IR spectral study of the materials, synthetically produced in this report was made 
to identify its structure. The wavenumber (cm-1) and intensity of bands corresponds to 
the functional groups present in the composite. Pure inorganic material (TM) specifies 
the strong and broad peak at 3391 cm-1 due to interstitial water molecules and non 
bonding ν (O-H) stretching vibrations (Figure 2.5). The small and sharp peak at 1627 
cm-1 is assigned to the ν (H-O-H) bending. The strong and weak absorption band at 
567 cm-1 signifies the presence of ν (O-M-O) stretching mode [34]. FT-IR spectra of 
the composite material (PS blended with TM) shows an increment in number of 
absorption bands attributing to the presence of various groups which indicates 
occurrence of aromatic ring in the composite. The absorption bands at 3026 cm-1 and 
2923 cm-1 affirms the C-H mode of aromatic and aliphatic groups of organic part. 
Shifting of absorption bands of (O-M-O) may show the interaction of inorganic 
component with the organic binder because of the resonance as well as electronic 
effect. 
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 Figure 2.5. FT-IR spectra of pure tin molybdate and polystyrene-tin molybdate 
composite membrane. 
2.3.2. Properties of the composite membrane 
The membrane synthesized above shows lower orders of water uptake % with the 
value 7.14±0.03. This confirms that interstices are insignificant and the dense 
ionizable groups are same throughout the membrane and suggests that diffusion 
would occur mainly through ion-exchange sites across the membrane [35]. 
Swelling of a membrane results from the balance between the internal osmotic 
pressure and the forces associated with the elasticity of polymer matrix [36]. The 
composite membrane used under investigation showed negligible swelling. 
2.3.3. Electrochemical properties of the composite membrane 
2.3.3.1 Membrane potential 
Different curves of membrane potential have been obtained with various monovalent 
electrolytes having concentrations in the range of 0.001-1.0 M, in a two compartment 
cell using platinum electrode, and the concentration ratio between the two 
compartments was maintained at a constant value of 10. Membrane potential values 
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of polystyrene based tin-molybdate composite membrane were measured at 25± 2 ℃P 
using different concentrations of KCl, NaCl, LiCl and NH4Cl given in Table 2.1, and 
a graph was plotted between Ѱm vs. –log C2 (Figure 2.6). 
 
Figure 2.6. Plots of the membrane potential vs. - log C2 for different monovalent 
electrolytes across the polystyrene-tin molybdate composite membrane. 
From the data, it is evident that the value of membrane potential increases on dilution. 
This clearly indicates that the synthesized composite material is a cation-exchange 
membrane having fixed negative charges which allows cations to pass through it due 
to the structural changes produced in the electrical double layer at the solution 
membrane interface [37]. Membrane when brought in contact with aqueous solutions 
acquire an electric charge by some mechanisms: dissociation of surface functional 
groups, adsorption of ions from the solutions and adsorption of polyelectrolyte’s, 
ionic surfactants and macromolecules [38,39]. Thus, there develops a surface charge 
at the wall as well as on the interior porous surface of the membrane with no other 
external forces, such as temperature or pressure difference involved in the system. 
These charges have an influence on the distribution of ions in the solution and finally 
reach an equilibrium state due to the requirement of electroneutrality of the system 
[40]. The ion distribution is purely due to the diffusion and electro-migration. This 
leads to the formation of an electrical double layer, so that a charged surface and a 
neutralizing excess of counter-ions exists in the adjacent solution [41,42]. 
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Table 2.1. Observed membrane potential (Ѱm ) across polystyrene-tin molybdate 
composite membrane in contact with various monovalent electrolyte solutions at 
different concentrations. 
  Electrolyte concentration               Observed membrane potentials (mV) 
         C2/C1 (mol/l)                        NH4Cl          KCl           NaCl            
LiCl 
                1/0.1                               4.1                3.7               4.8              7.4                 
             0.1/0.01                            12.8             11.9             14.7             21.3 
             0.05/0.005                        18.4             16.7             20.5             28.7 
             0.02/0.002                        30.1             28.5             32.6             40.1 
             0.01/0.001                        38.5             35.8             42.1             47.1          
  
2.3.4. Evaluation and comparison of fixed charge density by various theoretical 
models 
Teorell, Meyer and Sievers. According to the TMS model [25,26], membrane 
potential can be considered as a sum of the Donnan potentials at the two membrane-
solution interfaces and the diffusion potential within the membrane [43]. Figure 2.7 
shows its schematic representation. 
The idealized theoretical TMS equation is: 
                      Ѱm = 59.2 �  log C2�4C12+D�2 +D�
C1�4C2
2+D�2+D�
 + U� log �4C22+D�2+D�U�
�4C1
2+D�2
 
+D�U�
�                      (2)  
                                                                U� =  �u�− v�
u�+ v��                                                   (3) 
where Ѱm is the dimensionless form of electric potential of the membrane [44,45,49], u� and v� are the cation and anion mobilities (m2v-1s-1) respectively, and D� is the charge 
density expressed in equivalents per unit volume of the membrane. The Donnan 
potentials are present because of the existence of a fixed membrane charge, 
responsible for an ion distribution between the membrane phase and the bulk solution. 
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                                 HIGH ELECTROLYTIC                                  LOW ELECTROLYTIC 
                                       CONC. (C2)                         >                       CONC. (C1) 
 
                  
                 ΨMEM  =  ΨDONN  + ΨDIFF 
 
                                                                                                                   
 
 
Figure 2.7. Schematic representation of Donnan potential, diffusion potential and 
total membrane potential across the polystyrene-tin molybdate composite membrane. 
Diffusion potential finds its origin because of difference in transport velocity of 
anions and cations through the membrane. The occurrence of charge deviation in the 
membrane is equilibrated by an electric force called the diffusion potential [43,46]. 
When the charged composite membrane is in contact with electrolyte solutions, the 
concentration of co-ion (Cl-) having the same charge as that of the membrane, will be 
lower in the membrane than that in solution, whereas the counter-ions (Na+, Li+, K+ 
and NH4+), having opposite charge to that of membrane will have a higher 
concentration in the membrane phase than in solution phase. These differing results in 
potential generation, called the Donnan potential, thereby showing conducive effects 
in repulsion of co-ions and attraction of counter-ion by the membrane [47]. Because 
of the valuable significance in practical and sensible applications, the potential 
difference between membrane and solution has been extensively studied. These 
potential differences basically depend on salt concentrations, nature of the electrolyte, 
valence of co-ion and counter-ion, and fixed charge concentration in the membrane. 
The theoretical membrane potential measurements have been done using Eq. 2 and 
the set of potential curves are obtained as shown in Figure 2.8. 
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 Figure 2.8. Plots of membrane potential vs. -log C2 for polystyrene-tin molybdate 
composite membrane by TMS method. Each smooth curves are the theoretical 
concentration potentials at constant D�=1 value with different mobility ratio (m.r). The 
broken line depicts the experimental membrane potentials for different concentrations 
of LiCl and NaCl solutions. 
These different curves in the plot correspond to a constant value of D� with different 
mobility ratio. The experimental potential values for the polystyrene based tin 
molybdate membrane with LiCl and NaCl electrolytes were also plotted on the same 
graph as a function of -log C2. The experimental curve was shifted horizontally and 
ran parallel to one of the theoretical curves. This shift gave log D�  value with the 
membrane phase. The values of D� derived in this way for the membrane with various 
1:1 electrolytes are given in Table 2.2. 
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Table 2.2. Comparison of the calculated values of the effective fixed charge density 
of polystyrene-tin molybdate composite membrane in contact with various 
monovalent electrolyte solutions by different methods. 
Electrolyte     TMS(eq/l)            Kobatake(eq/l)         Nagasawa(eq/l)     From Ps(eq/l) 
                    D values                                𝛉𝐗 
                                                            Low             High  
 NH4Cl       0.371×10-2       2.90×10-2           0.77×10-2          0.227×10-2         1.07×10-2 
  KCl          0.213×10-2        2.59×10-2           0.63×10-2          0.214×10-2             0.90×10-2 
  NaCl        0.431×10-2       3.63×10-2           1.14×10-2          0.245×10-2             1.41×10-2 
  LiCl         0.870×10-2       3.90×10-2           1.48×10-2          0.248×10-2            2.00×10-2 
Thus, the order of fixed charge density for electrolytes used was found to be KCl < 
NH4Cl < NaCl < LiCl. Based on the results, it is evident that in the low-concentration 
range, the co-ions are almost completely excluded from the pores due to the high 
double-layer repulsion, and the distribution of ions arising by the diffusion of counter-
ions are the main reason to the membrane potential [48]. Under these circumstances, 
the diffusion effect can be ignored. On the other hand, in the high-concentration 
range, the electrical double layers formed in the pores are compressed, hence, almost 
the entire pore volume is electrically neutral [48]. Thus, the Donnan effect can be 
neglected. In the intermediate-concentration regime, neither the Donnan effect, nor 
the diffusion effect can be negligible. As a result, the values of membrane potential, 
between the above two limits increases as the concentrations of the electrolytes 
become lower [48,49]. 
Kobatake and Nagasawa. Other methods recommended by Kobatake et.al 
[27,28] and Nagasawa et.al [29,30] have been widely accepted to evaluate the fixed 
charge density of an ionizable membrane which separates two bulk solutions having 
unequal electrolyte concentrations C1 and C2. Then, the membrane potential with 
varying electrolyte concentrations is given by Nagasawa as: 
                                               −Ѱm = RT F  � γγ−1�  �θX2 �  1C1                                           (4)                                                         
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where R, T, and F are real gas constant, temperature and Faraday constant 
respectively. γ is the solution-concentration ratio (i.e. γ =  C2 C1� = 10). Here, θX is 
the effective fixed charge density of the composite membrane. By plotting the graph 
with utilizing Eq. 4, a linear relation has been obtained between Ѱm and 
1
C1
 as shown 
in Figure 2.9a, with the slope given by  RT
F
�
γ
γ−1
� �
θX
2
� from which the fixed charge 
density of different electrolytes has been evaluated.  
By utilizing the inverse of the apparent transport number of the anion (t−app) in a 
high salt concentration range (C1 > C2)  as given in first limiting form of Kobatake 
Eq. 5, fixed charge density of the membrane can be evaluated as:  
                                                   1
t−app
 =  1
1−α
  +  α (γ−1)(1−α) γ lnγ  �θXC1�                               (5)                       
The values of molar mobility of cation to the sum of molar mobilities of anion and 
cation (α), and effective fixed charge density of the membrane (θX) can be determined 
from the intercept and slope values when a graph was plotted between 1
t−app
 and θX
C1
 
with fixed 𝛾 value for different monovalent electrolytes (Figure 2.9b). 
However, the apparent transport number values can be deduced using Eq. 6 obeying 
Nernst Law: 
                                                 Ѱm  =   RTF  �1 − 2t_app� ln C2C1                                    (6) 
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Figure 2.9. Plots of (a) membrane potential vs.1/ C1 (b) inverse of apparent transport 
number vs.1/ C1 for different monovalent electrolytes across the polystyrene-tin 
molybdate composite membrane. 
Another limiting approach proposed by Kobatake at low salt concentration (C2 > C1) 
with fixed γ value was used to determine the fixed charge density of the composite 
membrane. The value of β which is related to the effect of adsorption of ions upon the 
membrane material can be obtained from the intercept of Eq. 7, when a graph was 
plotted between the observed membrane potential and concentration values of 
different monovalent electrolytes. The value of fixed charge density can be calculated 
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further from the slope of the graph by inserting the values of α and β (given in Table 
2.3). 
                                         Ѱm =  RTF  �1β  lnγ − �γ−1αβγ� �1 +  1β −  2α� C1θX�                    (7) 
Table 2.3. Calculated values of parameters α and β for polystyrene-tin molybdate 
composite membrane in contact with various monovalent electrolytes. 
Electrolyte  systems Polystyrene incorporated tin- molybdate membrane 
α β 
NH4Cl 0.543 2.239 
KCl 0.529 2.405 
NaCl 0.545 2.036 
LiCl 0.569 1.639 
Fixed charge density in terms of the composite membrane refers to the distribution of 
charges over its entire volume (mol/l of pore volume) and it does not change with 
time. Thus, membrane potential greatly affects the effective fixed charge density, 
which further depends on ionic species and potential distributions in the systems. To 
confirm the limitations given by Kobatake, these two types of charge density should 
agree with one another. The two forms of limiting values of θX given in Table 2.2 are 
almost closed together, thereby confirming the applicability of Kobatake’s equation to 
the systems. The various values of fixed charge density as calculated by different 
methods have been shown in Table 2.2 to compare them in terms of their validity. 
This shows that the fixed charge density values are almost comparable with some 
limitations. All the values of fixed charge density are nearby closed with a slight 
variation in low concentration limiting form of the Kobatake. Various literatures are 
also available which uses theoretical models to calculate the charge density of the 
membrane [50,51]. 
2.3.5. Transport number and mobility ratio 
Transport number is the fraction of total current carried by counter-ions passing 
through the membrane. Transport number of the composite membrane in various 
electrolyte solutions can be evaluated from membrane potential and is given by the 
Eq. 8.  
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        Ѱm  =   RTF  �t+ −  t_� ln C2C1                                               (8)                  
This mainly depends on intrinsic properties of the membrane like surface charge, 
morphology, pore size and thickness. The charge property of the membrane affects 
the transport of ions. The ratio of molar mobilities of the cation and anion is defined 
as the mobility ratio (ω�). 
                                                        ω� = t+
t_ =  u�v�                                                          (9) 
where  u� and v� are the molar mobilities of cation and anion. 
Table 2.4. Calculated values of parameters t+ and ω� of polystyrene-tin molybdate 
composite membrane in contact with different monovalent electrolytes. 
Electrolyte   
Concentrations (mol/l) 
     NH4Cl               KCl                    NaCl                  LiCl 
 t+        ω�             t+     ω�               t+       ω�               t+     ω�   
            1                           0.53     1.14      0.53   1.13        0.54     1.17      0.56    1.28   
         0.1                           0.60     1.55      0.60   1.50        0.62    1.66       0.68    2.13     
         0.05                         0.65     1.90      0.64   1.79        0.67    2.06       0.74    2.89 
         0.02                         0.75     3.08      0.74   2.87        0.77    3.47       0.84    5.25 
         0.01                         0.82     4.76      0.80   4.09        0.85    6.00       0.89    8.29                                                  
 
From Table 2.4 it has been verified that the transport number ( t+) and mobility ratio 
increases with decrease in electrolyte concentrations which suggest the dependency of 
these factors on the concentration of different ionic species present. 
Subsequently, the transport number of counter-ions within the membrane phase can 
be better evaluated when the effective concentration of ion-exchange site of the 
membrane is much lower than electrolyte concentration. Then the membrane potential 
and electrolytic concentration are related as in Ref. [52]: 
                  Ѱm  =   RTF  �(2t+m  − 1) lnγ +  2(γ−1)γ  (1 − t+m) t+m  XC1�                   (10) 
Here t+m and X  are the counter-ion transport number as well as the concentration of 
fixed charge in the membrane phase respectively. The slope and intercept of different 
electrolytes plots were used to calculate the values of t+m and X in accordance with Eq. 
10. The values of t+m and X are tabulated in Table 2.5. The t+m values are found to be 
proportional to the values of X i.e. they change in the same manner [53]. This low 
value of X was attributed to the heterogeneity of the membrane structure [54].When 
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ions enter membrane; the ion can interact with the fixed charge in the membrane 
owing to Donnan potential. With increasing the concentration of electrolyte, more 
cations will interact with single fixed ion. As a consequence, the sign of the charge 
site get reversed and started to interact electrostatically with the neighbouring 
negative ion. This results in the precipitation and lowering of fixed charge density 
[55]. 
Table 2.5. Calculated values of the parameters t+m  and X of polystyrene-tin molybdate 
composite membrane in contact with different monovalent electrolytes. 
Electrolytes        NH4Cl                   KCl                    NaCl                      LiCl 
                  t+m  0.5773 0.5703 0.5874 0.6396 
                X (eq/l) 0.28×10-2 0.26×10-2 0.31×10-2 0.33×10-2 
The values of fixed charge density in membrane phase for the different types of 
electrolytes are in the order of Li+ > K+ > NH4+ > Na+ which follows the same trend 
as that of Nagasawa, Kobatake and TMS method. It can also be well understood from 
the above table that the membrane is more selective towards the Li+ ion, as selectivity 
is proportional to counter-ion transport number. 
2.3.6. Permselectivity of the composite membrane 
A membrane is said to be permselective, if it allows counter-ion to be transported 
while restricting the passage of co-ions. Co-ion transport could results from either 
diffusive (i.e., concentration driven) transport from high to low concentration, or 
field-driven migration of co-ions, where the relative magnitude of each form of 
transport is sensitive to the concentration difference and the magnitude of the applied 
electric field [36,56,57]. It is thus a valuable parameter to know how these specific 
ions influence the ion transport in composite ion-exchange membranes [58], it can be 
expressed as: 
                                  Ps  =   (t+m − t+)1 − t+                                                   (11) 
where t+m and t+ represents the transport number of cations in the membrane and 
solution phase respectively. The permselectivity value for cations follows the 
sequence (K+ <NH4+ <Na+ <Li+). Permselectivity can also be used to calculate the 
fixed charge density of the membrane (θX) [59]. 
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                                          1
�4ξ2+1
= 1−t−app−α
α−(2α−1)(1−t−app) ≡ Ps                                      (12) 
where ξ =  C θX⁄  
A cation exchange membrane placed between electrolytes of high and low 
concentration is said to be perfectly permselective when the transport phenomenon 
exclusively takes place via counter-ions and co-ions are completely excluded from the 
membrane. These considerations have been confirmed from Eq. 12, if Ps  becomes 
equal to unity, t−app = 0 i.e no transport of co-ion, whereas if Ps = 0, t−app = 1 −  α 
i.e anions behave as in bulk solution or as in a membrane having no fixed charge. It is 
evident that when C becomes equal to θX in the above equation, then Ps attains the 
value of 1/√5 or 0.447. The value of the C corresponding to which Ps = 0.447 will 
give the values of the fixed charge density (θX). From the plots of Ps against log C 
(where C = C1+C2/2) as depicted in Figure 2.10, the values of the fixed charge 
density was calculated for various electrolyte systems (Table 2.2). The fixed charge 
density for different electrolytes calculated from Ps follows the same trend and is in 
accordance with theorectical models. 
2.3.6.1. Effect of counter-ions on permselectivity 
The nature of binding affinity of the counter-ions with the fixed charge groups on the 
polymer shows a significant impact on permselectivity of the membrane. Though, the 
difference in hydrated radii of co-ions greatly influences the permselectivity but in 
this experimental process the co-ion was held constant. Permselectivity of Li+ 
counter-ion was found to be greater with respect to other counter-ions, which signifies 
that it has greater tendency to exclude co-ions as compared to other counter-ions. The 
counter-ion type influences the binding affinity between counter-ions and polymer 
fixed charge groups. 
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 Figure 2.10. Plots of Ps vs. log C for different monovalent electrolytes across the 
polystyrene-tin molybdate composite membrane. 
The higher binding affinity of K+ counter-ion with polymer fixed charge sites 
decreases the effective membrane charge density. As a result, permselectivity 
decreases. Donnan theory predicts that co-ion sorption in the membrane decreases as 
fixed charge concentration increases. Since co-ion sorption is related to co-ion 
transport, reduced fixed charge concentration in the membrane is expected to reduce 
permselectivity [56]. Based on this theory it can be concluded that Li+ has greater 
tendency to exclude co-ions than other counter-ions and had highest permselectivity 
value. 
2.4. CONCLUSIONS 
The polystyrene incorporated tin molybdate composite was synthesized by sol-gel 
pathway. The polymer provides cross-linked framework to account for the stability 
and flexibility of the composite material whereas inorganic material provides thermal 
stability. The SEM image characterizes the membrane surface to be homogeneous and 
dense in nature which is attributed to the proper binding of both the materials. XRD 
pattern confirmed the amorphous nature of the membrane. Membrane potential 
measurement was done for various monovalent electrolytes using platinum electrode 
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and the membrane was found to be cation selective. The membrane potential and 
other electrochemical parameters show concentration dependent behavior. The 
membrane potential values follow the order LiCl > NaCl > NH4Cl > KCl. Other 
parameters such as the transport number, mobility ratio and permselectivity also 
increase with the dilution of electrolytic solutions. Various theoretical models (TMS, 
Kobatake and Nagasawa) have been used to calculate the fixed charge density of the 
membrane which follows the same trend as that of membrane potential. The 
membrane charge density and surface charged property are important criteria for 
governing the membrane phenomena for passive transport of ions. The fixed charge 
density values evaluated by different models are comparable with certain limits and 
show its applicability in various electromembrane processes. Membrane shows the 
lowest permselectivity for K+ while highest for Li+. The strong binding affinity of K+ 
counter-ion with fixed charge groups on the polymer decreases the membrane charge 
density and permselectivity. Thus, the membrane shows its applicability in various 
electro-membrane processes. 
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3.1. INTRODUCTION 
The rapid industrialization and ever increasing pollution due to various human 
activities have poses a great threat to human beings, ecosystems, food and water 
processing industries. The toxic effluents from industries needed to be removed 
before being discharge as they have hazardous effects on human health. To meet these 
environmental issues, scientists need materials that should be environment friendly, 
selective in nature, highly reproducible and efficient for removal of toxic metal ions. 
Various methods have been developed for the removal of these metals from aqueous 
systems such as solvent extraction, adsorption, pre-concentration, reverse osmosis and 
ion exchange [1]. 
In this context, composite ion-exchange membranes have recently gained much 
attention due to their versatile applications from desalination of salt-rich water to food 
production processes including waste water treatment to recover some valuable 
elements in chemical industry [2-6]. The polymer provides cross-linked framework to 
account for the mechanical stability and flexibility of the composite material whereas 
inorganic material provides thermal stability. The properties of the materials are not 
only the sum of individual contributions of both phases, but also the role of the inner 
interfaces could be predominant. These interfaces provide cohesion and linking to the 
composite materials. The polymers can interact or be trapped within the inorganic 
matrix through a large set of fuzzy interactions (H-bonds, π-π interactions, van der 
Waals) [7]. With improved mechanical and thermal stability, the composite 
membrane thus synthesized is expected to provide a lot of applications in 
electrochemical and optical as well as magnetic fields [8-10]. The membranes 
obtained by embedding ion exchangers as electro active materials in a polymer 
binder, i.e., epoxy resin (Araldite) or polystyrene or poly (vinyl chloride) (PVC), have 
been extensively studied as potentiometric sensors, i.e., ion sensors, chemical sensors 
or more commonly as ion selective electrodes [11]. Inorganic ion exchangers of 
double salts, based on tetravalent metal acid (TMA) salts often exhibit much better 
ion-exchange behavior as compared with single salts [12]. The phosphates of the 
tetravalent metals are regarded as one of the best types of inorganic ion exchanger due 
to their thermal stability and resistance to action of strong acids and alkali [13-15]. 
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However, the electrochemical properties can exert profound influence on the nature 
and magnitude of the interaction between the membrane and liquid feed, thus 
affecting permeating fluxes of solvent and solute through the membrane pores 
[16,17]. The membrane charge density and its surface charged property are important 
criteria for its utilization in various separation processes. It is reported that the 
membrane charge density depends on both the pore size [18] and bulk concentration 
[19]. The membrane charge interacts with ions electro-statically and affects the 
separation efficiency of ions through the partition of ions from bulk solution into the 
membrane. In addition, it is also reported that the fouling is related to the membrane 
charge [20,21].  
This article reports the synthesis of a new Polyvinyl chloride (PVC) based Zirconium 
aluminophosphate (ZrAlP) composite membrane to measure the membrane potential 
in different aqueous solutions of alkali chlorides and nitrates at room temperature. 
Membrane potential values were utilized to calculate the fixed charge density of the 
membrane with different theoretical approaches as proposed by Nagasawa et. Al 
[22,23], Kobatake and co-workers [24,25], Teorell, Meyer and Sievers [26,27] for 
passive transport. In addition to fixed charge densities, transport number, mobility 
ratio, distribution coefficient, charge effectiveness and other related parameters were 
also investigated. Further, the electrolyte solutions were used to study the effect of 
counter-ions and co-ions on permselectivity of the composite membrane. The binding 
affinity and hydrated radii of these monovalent ions influenced the permselectivity by 
influencing co-ion exclusion. 
3.2. EXPERIMENTAL SECTION 
3.2.1. Preparation of Zirconium aluminophosphate 
Zirconium aluminophosphate (ZrAlP) prepared through sol-gel method [28-30] 
involves hydrolysis, condensation and ageing followed by drying of inorganic 
precursor. In particular, a blend of 0.1 M aluminum sulfate (Merck, 99%) and 0.1 M 
Zirconyl chloride (Otto Kemi, 99%) in distilled water; was stirred using a mechanical 
agitator. To this mixture 0.1 M orthophosphoric acid (Fischer scientific) was added 
with constant stirring so as to obtain gel which was left for ageing at room 
temperature for 24 hours. The ZrAlP gel precipitate was collected by filtration, 
washed multiple times with distilled water to remove excess salts, and finally dried at 
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100 ℃P for another 24 hours. Finally, it was powdered using mortar and pestle, and 
sieved with a mesh size of 200 (≤75 μm = 0.0029 inches). 
 3.2.2. Membrane fabrication 
PVC (Otto, 99%) sieved with the same mesh size was used as a binder to get adequate 
structural integrity, thermal and mechanical stability of the membrane. The selection 
and optimum quantity of binder plays an immense importance in the membrane 
fabrication. The membrane prepared by embedding 25% of PVC was suitable for our 
purpose, larger amount (>25%) and lesser amount (<5%) of PVC did not give 
reproducible results and appeared to be unstable [31-34]. By increasing the ratio of 
polymer there is an increase in the number of obstacles in the membrane. As a 
consequence, the number of cation exchange sites decreases. Thus, it decreases the 
electrochemical and transport property of the membrane and affects its application in 
membrane processes. The powder was uniformly mixed in mortar pestle for 2 hours to 
have uniform contact amid them, and placed in furnace maintained at 200 ℃P  as 
reported in the literature [30,35] for 3 hours to equilibrate the reaction mixture. 
During the process no other reaction took place other than electrostatic interaction. 
Therefore the organic-inorganic grain interaction results in the stability of the 
material. The powder was then pressed in a hydraulic press (SL-89, UK). Membrane 
fabricated with 5 tons pressure was further investigated. Before use, membrane 
samples were equilibrated in the electrolyte solution of interest for at least 24 hours 
prior to the measurement. 
3.2.3. Physico-chemical characterization of the membrane 
Fourier-transform infrared (FT-IR) spectra of the synthesized composite material was 
recorded on Interspec 2020 FT-IR spectrometer, spectrolab (UK) using KBr disc 
method at room temperature to elucidate the various functional groups and chemical 
structure. X-ray diffraction (XRD) analysis was done to obtain the crystallinity of the 
material using Rigaku Miniflex X-ray diffractometer with Cu-Kα radiation (λ=1.54 
Å), having scanning speed of 4°P/min with the diffraction angle in the range of 2θ = 
20-80°P. Simultaneous thermogravimetric-differential thermal analysis was performed 
using (TG-DTA) Shimadzu DTG-60 H, operated under nitrogen atmosphere with a 
heating rate of 20 ℃ /min from 25-600 ℃P. Scanning electron microscopy (SEM) was 
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done by JEOL JSM-6510 LV, to reveal the morphology of the composite material. 
The samples were mounted on a sample stud using double-sided conductive tape. 
3.2.4. Porosity, Water uptake % and Swelling properties of the membrane 
Porosity characterizes the amount of water present in the pores or voids of the 
membrane. Composite membrane was immersed in distilled water for 24 hours, wiped 
carefully with Whatman filter paper and weighed. After that the membrane was kept 
in an oven at 80 ℃ for uniformity and weighed again. The porosity can be calculated 
by the Eq 1: 
                                         Φ = Ww − Wd (ρwAT)�                                                      (1)                                                                          
where Ww and Wd are wet and dry mass of the membrane,  ρw is density of water, A 
and T  denotes the membrane area and thickness respectively. Micrometer screw 
gauge was used to measure the average thickness of the membrane. 
The water uptake % was used to calculate the amount of water uptake by the 
interstices or pores of the membrane. The increase in weight was equal to the weight 
of the liquid sorbed by the membrane. 
                                     Water uptake % = �Wwet− Wdry�
Wwet
× 100                                 (2)                                                                                                                
The measurements were repeated several times using different membrane samples to 
avoid the error due to the surface water. 
Swelling is yet another property to characterize the membrane by measuring the 
difference in thickness of dry membrane and those equilibrated in 1 M NaCl solution 
for 24 hours. 
3.2.5. Measurement of membrane potential 
The membrane was placed vertically and clamped tightly (having an effective area of 
4.71 cm2) in between a 2- compartment glass chamber. The electrolytes used under 
the study are chloride and nitrate salt solutions of sodium, potassium and lithium. The 
volume of each half cell was 30 ml and filled with electrolyte solutions with varying 
concentrations ranging from 1M-0.001M in 5 series. To minimize concentration-
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polarization at the membrane surface, magnetic stirrer was placed at the bottom of 
each half chamber. The potential difference across the membrane was measured using 
the digital potentiometer (Electronics India-118) and silver electrode was used as a 
reference across the membrane. A 10-fold difference in electrolyte was maintained 
and measurements were repeated after solutions being replaced by new solutions and 
the average was taken as the desired result. 
3.3. RESULTS AND DISCUSSION 
3.3.1. Characterization of the composite membrane 
To evaluate the incorporation of PVC as polymer in the inorganic material and to 
investigate the chemical structure of each constituent, membrane samples were 
analyzed. Figure 3.1 shows the FT-IR spectra of PVC and PVC/ZrAlP composite 
membrane.  
 
Figure 3.1. FT-IR spectra of polyvinyl chloride-zirconium aluminophosphate 
composite membrane. 
The FT-IR spectrum of the PVC component was similar to the one reported earlier in 
literature [36]. The peaks at 3435 cm-1, 1093 cm-1 and 471 cm-1 were attributed to C-
H stretching, CH2 deformation and CH wagging modes respectively. The peak at 819 
cm-1 corresponded to C-Cl stretching mode of PVC. With the addition of ZrAlP to 
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PVC, the peak at 3401 cm-1 becomes broad and confirms the presence of water of 
crystallization, and also accounts for strongly hydrogen-bonded OH or strongly 
coordinated H2O and is thus responsible for the hydrophilic and water retentive 
character of the membrane. The sharp peak at 1095 cm-1 account for PO43- and 
HPO42- groups stretching vibrations [37]. The appearance of small bands adjoining to 
800-450 cm-1 signifies the presence of aluminate group and ν (O-M-O) bonding 
stretching vibration. 
The X-ray diffraction pattern (Figure 3.2) confirms the PVC-ZrAlP composite 
material as amorphous in nature. Hence, an exact description of the crystallographic 
location of the cation exchange sites or site density may not be possible [38]. 
 
Figure 3.2. X-Ray diffractogram of polyvinyl chloride-zirconium aluminophosphate 
composite membrane. 
The thermal strength of the membrane was analyzed by TG-DTA curve as shown in 
Figure 3.3. The DTA curve shows an endothermic peak at temperature 116.74 ℃ 
with 903.74 mJ owing to the removal of water content that comes from atmospheric 
moisture. The TGA curve shows two main degradation stages of the membrane. The 
first stage comprises release of absorbed moisture below 100 ℃P and decomposition of 
inorganic material upto 300 ℃ with a total weight loss of 11.68 % in the composite 
material. The second stage is due to thermo-oxidation of the polymer matrix around 
300–450 ℃ with slight weight loss of 1.18%. Further, from 450 ℃ onwards the curve 
shows an almost smooth horizontal section which signifies the condensation of 
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(H3PO4) to (P2O7) [38]. Thus, it can be concluded that the composite membrane 
exhibits good thermal stability attributed to the interaction of organic and inorganic 
materials and can be used in various separation processes. 
 
Figure 3.3. TG-DTA curve of polyvinyl chloride-zirconium aluminophosphate 
composite membrane. 
The surface morphology of the composite membrane was characterized by SEM 
images. Figure 3.4 indicates the uniformity of membrane surface [39]. At low 
magnification, the surface of the composite membrane is uniformly smooth whereas 
at higher magnification it shows the porous architecture having loose array of grains 
forming a continuous film without any aggregation on the surface. The voids or pores 
within the material facilitates electrolyte diffusion and promotes ion transport. 
 
Figure 3.4. Scanning electron micrograph of polyvinyl chloride-zirconium 
aluminophosphate composite membrane. 
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It was further observed from the composite image that the average grain size is about 
0.5 μm. Intergranular cavitation of the zirconium and aluminium matrix dominates 
with clearly formed cavities evident on the grain surfaces [40]. 
3.3.2. Properties of the composite membrane 
The porosity, water uptake % and thickness of the prepared composite were found to 
be 0.0852, 10.34±0.01 and 0.078 cm respectively. Porosity of ion-exchange 
membranes has also been reported to affect the transport and ion selectivities of the 
membranes [41,42]. While membranes with bigger porosities will lose the ion 
selectivity, pores smaller than ionic species will behave like the inaccessible pathways 
as non-conducting regions for ionic species [41,42]. Therefore, the control of optimal 
pore sizes suitable for sieving ionic species is of crucial importance.  
It was found that the water uptake of a membrane depends on the water’s vapour 
pressure of the surroundings. In general, membranes having the same chemical 
composition should absorb comparable amounts of water. The membrane shows 
comparable porosity and water uptake properties. This confirms that interstices are 
insignificant and the dense ionizable groups are same throughout the membrane and 
suggests that diffusion would occur mainly through ion-exchange sites across the 
membrane [43]. Thus, the synergetic effect of the functional group concentration and 
porosity might play an important role in affecting the overall membrane properties. 
The swelling of the prepared composite membrane was found to be almost negligible. 
Swelling of an ion-exchange membrane results from the balance between the internal 
osmotic pressure and the forces associated with the elasticity of the polymer matrix. 
Moreover, the internal osmotic pressure is due to the presence of the ionic groups, 
counter-ions and sorbed electrolyte in the polymeric phase [44]. However, the 
membrane used under this study shows negligible swelling. 
3.3.3. Electrochemical behavior of the composite membrane 
3.3.3.1. Membrane potential 
The electrochemical properties of the membrane are important to predict its 
performance and behavior in real application. Membrane when brought in contact 
with same electrolyte of unequal concentrations develops a potential difference across 
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it due to unequal flow of ions. The fast moving ions are hindered by the developed 
electrical potential and accelerate the slow moving ions to maintain the electro-
neutrality condition. The ion distribution is purely due to the diffusion and electro-
migration. This leads to the formation of an electrical double layer, so that a charged 
surface and a neutralizing excess of counter-ions exists in the adjacent solution 
[45,46]. According to TMS theory, an equilibrium process develops at each solution-
membrane interface, which has a formal similarity with the Donnan equilibrium. This 
theory rely on following assumptions (1) all electrolytes dissolve perfectly, (2) the 
electrical charge of the membrane is uniform, (3) the transference of water from either 
side of the membrane may be ignored, (4) the effect of the diffusion boundary layer at 
membrane-solution interface is negligible, (5) the activity coefficients of all ions are 
equal to unity, (6) the fixed charge groups are homogeneously distributed in the 
membrane, (7) the ions mobilities and fixed charge concentrations are constant 
throughout the membrane phase and are independent of the electrolyte concentration. 
Another assumption is that the activity coefficient of the salt is the same in both the 
membrane and solution phase. The introduction of activities for salt concentrations 
can only be correctly made for the Donnan potential, whereas the expression for the 
diffusion potential, using either the integration of Planck or Henderson [27] equations. 
The idealized theoretical TMS equation is given as: 
                    Ѱm  = 59.2 �  log C2�4C12+D�2 +D�
C1�4C2
2+D�2+D�
 + U� log �4C22+D�2+D�U�
�4C1
2+D�2
 
+D�U�
�                       (3) 
                                                                U� =  �u�− v�
u�+ v��                                                 (4) 
 where u� and v� are the cation and anion mobilities (m2v-1s-1) respectively, and D� is the 
charge density of the membrane expressed in equivalents per unit volume. 
Membrane potential (Ѱm ) values (Table 3.1) of PVC based ZrAlP composite 
membrane observed at 25± 2 ℃P using different concentrations of KCl, NaCl, LiCl, 
KNO3 and NaNO3 salts were plotted against –log C2 R (Figure 3.5a). The membrane 
potential values increases with decreasing electrolyte concentrations and show a trend 
of positive value. This confirms the composite membrane to be (or is) cation selective 
in nature, attributed to the structural changes produced in the electrical double layer at 
the solution membrane interface [34]. The potential values follow the order like LiCl> 
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NaCl> KCl> NaNO3> KNO3 for different electrolytes in accordance with the 
decrease in size of cation. These potential differences basically depend on salt 
concentrations, nature of the electrolyte and valence of ions. The membrane potential 
can be better understood under the influence of Donnan potential.  
Table 3.1. Observed membrane potential (Ѱm ) across polyvinyl chloride-zirconium 
aluminophosphate composite membrane in contact with various monovalent 
electrolyte solutions at different concentrations. 
Electrolyte 
conc. 
  C2/C1 (mol/l) 
Observed membrane potentials (mV) 
KNO3         NaNO3           KCl           NaCl         LiCl 
   1/0.1 
 0.1/0.01 
 0.05/0.005 
 0.02/0.002 
 0.01/0.001 
  
5.1                7.2               8.1              9.4           10.7      
16.3             19.8             23.3             26.7          28.5 
19.7             24.2             27.9             31.6          35.2 
29.4             32.2             35.1             39.5          42.4 
36.5             38.1             41.4             44.3          47.6    
 
 
Figure 3.5a. Plots of membrane potential vs. – log𝐶2 for different monovalent 
electrolytes across polyvinyl chloride-zirconium aluminophosphate composite 
membrane. 
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Membrane potential can be considered as a sum of two Donnan potentials at the 
membrane-solution interfaces and the diffusion potential within the membrane. The 
charged membrane when brought in contact with electrolyte solutions, the 
concentration of co-ions becomes lower in the membrane than that in solution, 
whereas the counter-ions will have a higher concentration in the membrane phase than 
in solution phase. Because of the concentration difference, a potential difference is 
generated between the membrane and solution interface to maintain electrochemical 
equilibrium. The generated potential is called as Donnan potential, thereby showing 
conducive effects in repulsion of co-ions and attraction of counter-ions by the 
membrane [47]. 
  3.3.3.2. Transport number and mobility ratio. Transport number is the fraction of 
total current carried by counter ions passing through the membrane [48]. Transport 
number of the composite membrane can be evaluated from the membrane potential 
values when the membrane is separated by unequal electrolyte solutions and is given 
as: 
                                              Ѱm  =   RTF  �t+ −  t_� ln C2C1                                            (5)               
The transport property depends on the characteristic electrical charge of the 
membrane. The effective charge of the membrane affects the transport of ions. For 
slightly charged membranes, the Donnan effect of the co-ions can be neglected and 
the diffusion potential is mainly responsible for the membrane potential due to the 
different mobilities of co-ions and counter-ions in the membrane, and its expression 
(for 1 : 1 electrolytes) is [43]: 
                                                        U =  � t+|Z+| − t−|Z−|�                             (6) 
                                                        ω� = t+
t−
=  u�
v�
                                (7) 
where  u�  and v�  are the molar mobilities of cation and anion, t+ and t−  are the 
transport number of cation and anion, Z+and Z− are their valences respectively and U 
is a parameter related to the combined transport numbers of the ions in the membrane. 
The ratio of molar mobilities of the cation and anion is defined as the mobility ratio 
(ω�). 
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Table 3.2. Calculated values of parameters t+, ω� , C�+ and C�− of polyvinyl chloride-
zirconium aluminophosphate composite membrane in contact with different 
monovalent electrolytes. 
Electrolyte   
Conc. 
       1 
     0.1 
   0.05 
   0.02 
   0.01 
       1 
    0.1 
   0.05 
   0.02 
   0.01 
    KNO3               NaNO3                KCl                  NaCl                 LiCl 
𝐭+        𝛚�           𝐭+       𝛚�           𝐭+        𝛚�             𝐭+        𝛚�            𝐭+       𝛚�  
0.54     1.19      0.56    1.28      0.57      1.31       0.58      1.38      0.59    1.44 
0.64     1.76      0.66    2.01      0.69      2.30       0.73      2.66      0.74    2.87 
0.67     2.00      0.71    2.39      0.73      2.79       0.77      3.31      0.80    3.96 
0.75     2.99      0.77    3.41      0.79      3.94       0.84      5.06      0.86    6.13 
0.81     4.25      0.82    4.65      0.85      5.72       0.89      7.05      0.90    9.39 
𝐂�+       𝐂�−        𝐂�+        𝐂�−        𝐂�+         𝐂�−         𝐂�+       𝐂�−         𝐂�+        𝐂�− 
0.663  0.666     0.737  0.741     0.772  0.777     0.802   0.811     0.866  0.881 
0.084  0.086     0.083  0.087     0.082  0.088     0.079   0.088     0.075  0.089 
0.042  0.045     0.041  0.045     0.039  0.045     0.036   0.046     0.032  0.046 
0.016  0.019     0.015  0.018     0.013  0.019     0.009   0.019     0.005  0.019 
0.007  0.009     0.005  0.009     0.004  0.010     0.001   0.009     0.002  0.017 
In this report, the transport number at lower concentration of lithium salt for the 
composite membrane reached upto 0.90 demonstrated slight deviations from the ideal 
ion-selective property of 1.00. 
Both transport number ( t+) and mobility ratio (ω ���) shows dependency on electrolyte 
concentrations (Table 3.2). The value of both the parameters decreases with increase 
in electrolyte concentration due to the flow of electrolytic ions through membrane 
matrix. For various 1:1 electrolytes, the membrane potential Ѱm can also be used to 
determine the counter-ion transport number in the membrane phase assuming the 
transport number to be constant throughout the membrane. However, the transport 
number of counter-ions within the membrane phase can be better evaluated when the 
effective concentration of ion-exchange site of the membrane is much lower than 
electrolyte concentration. The membrane potential and electrolyte concentrations are 
related as reported in earlier literature [49]: 
                   Ѱm  =   RTF  �(2t+m  − 1) lnγ +  2(γ−1)γ  (1 − t+m) t+m  θXC1�                   (8) 
here t+m and θX   are the counter-ion transport number and concentration of fixed 
charge in the membrane phase respectively. Fixed charge density in the membrane 
phase and t+m  can be better evaluated from the intercept and slope values by plotting 
the graph of Ѱm against 1/C1 (Eq. 8). t+m value follows the order LiCl> NaCl> KCl> 
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NaNO3> KNO3. It can be concluded from the above table that the membrane is more 
selective towards Li+ ion, as selectivity is proportional to the counter-ion’s transport 
number. The values of both the parameters are given in Table 3.3. 
Table 3.3. Calculated values of the parameters t+m , X, α and β of polyvinyl chloride-
zirconium aluminophosphate composite membrane in contact with different 
monovalent electrolytes. 
Electrolytes       KNO3          NaNO3            KCl                NaCl              LiCl 
 t+m              0.5954            0.6246              0.6457          0.6699             0.6870 
    X            0.253×10-2      0.246×10-2      0.262×10-2      0.278×10-2       0.302×10-2 
α                 0.5766            0.6130             0.6320           0.6597            0.6655 
β                2.2052            1.9749             1.7701           1.5928            1.4735 
 
3.3.4. Evaluation and comparison of fixed charge density by various theoretical 
models 
Nagasawa 
To evaluate the fixed charge density of an ionizable membrane separated by unequal 
electrolyte concentrations C1 and C2, Nagasawa et. al has given the equation as: 
                                              −Ѱm = RT F  � γγ−1�  �θX2 �  1C1                                            (9)  
where  θX is the fixed charge density of the membrane. 
 Ѱm Vs.  
1
C1
 gives a linear plot ( Figure 3.5b) which suggests that membrane potential 
is inversely related to electrolyte concentrations. From the slope, values of fixed 
charge density of the membrane can be evaluated. 
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 Figure 3.5b. Plots of membrane potential vs.1/ C1 for different monovalent 
electrolytes across polyvinyl chloride-zirconium aluminophosphate composite 
membrane. 
Kobatake 
This theory is also applicable for the membranes having uniform distribution of 
charges, when brought in contact with electrolyte solution of variable concentrations. 
It gives two limiting forms:  
1- At low salt concentration (C2 > C1), with fixed γ value, the fixed charge density of 
the composite membrane can be determined by the equation: 
                                 Ѱm =  RTF  �1β  lnγ − �γ−1αβγ� �1 +  1β −  2α� C1θX�                    (10)                               
where β is related to the effect of adsorption of ions upon the membrane material, α is 
related to membrane selectivity of ions and γ =  C2
C1
= 10. 
2- At high salt concentration (C1 > C2), with fixed γ value, inverse of an apparent 
transport number (t_app) for the co-ion species in a negatively charged membrane is 
proportional to the inverse of the concentration. The apparent transport number values 
can be obtained using: 
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                                                  Ѱm  =   RTF  �1 − 2t_app� ln C2C1                                 (11)  
which obeys Nernst law. The fixed charge density can be further evaluated utilizing 
the values of membrane potential and t_app from the equation: 
                                               1
t−app
 =  1
1−α
  +  α (γ−1)(1−α) γ lnγ  �θXC1�                                 (12) 
Eq. 10 indicates that the plot of Ѱm against C1 gives the value of β and α from the 
intercept and slope respectively. These parameters are used further to evaluate the 
fixed charge density of the membrane. 
Eq. 12 indicates that the plot of inverse of apparent transport number �t−app� against 
1
C1
 also gives the value of fixed charge density of the membrane from intercept value 
(Figure 3.5c). The potential difference developed across the membrane was used to 
evaluate t−app  value utilizing Nernst equation (Eq. 11). The values of α and β are 
given in Table 3.3. 
 
 
Figure 3.5c. Plots of inverse of apparent transport number vs. 1/ C1 for different 
monovalent electrolytes across polyvinyl chloride-zirconium aluminophosphate 
composite membrane. 
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Teorell, Meyer and Sievers 
Eq. 3 and Eq. 4 of the TMS theory can be further utilized to calculate the fixed charge 
density of the membrane (Figure 3.6). From the analysis of the membrane potential, 
one can obtain the Donnan potential that relates with the charge density at the inner 
position located just a little off the interface [50]. The equilibrium distribution of ions 
between membrane and solution in a charged membrane is influenced by the presence 
of charged groups at the membrane also. The smooth curves in the plots show the 
theoretical potential values for the composite membrane at constant value of  D� with 
different mobility ratio. The dashed curve in the same plot corresponds to the 
experimental potential values for LiCl. 
Among the used electrolytes, LiCl shows the highest membrane potential and thus 
was plotted for fixed charge density determination. The experimental curve was 
shifted horizontally and ran parallel to one of the theoretical curves. This shift gave 
log D� with the membrane phase. 
 
Figure 3.6. Plots of membrane potential vs. – log C2 for polyvinyl chloride-zirconium 
aluminophosphate composite membrane by TMS method. Each smooth curves are 
theoretical membrane potentials at constant D�=1 value with different mobility ratio 
(m.r). The broken line depicts the experimental membrane potentials for LiCl. 
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The values of D� derived in this way for the composite membrane with various 1:1 
electrolytes are given in Table 3.4. The order of fixed charge density for various 
monovalent electrolytes was found LiCl> NaCl> KCl> NaNO3> KNO3. Thus, the 
membrane potential greatly affects the effective fixed charge density, which further 
depends on ionic species and potential distributions in the systems. 
The values of fixed charge density of the membrane for various monovalent 
electrolytes as calculated by different theoretical models comparatively agreed with 
one another and also with the experimental values. The two limiting forms of 
Kobatake show slight deviation due to low estimation of charge density thereby 
confirming its applicability in these systems. 
Table 3.4. Comparison of calculated values of the effective fixed charge density of 
polyvinyl chloride-zirconium aluminophosphate composite membrane in contact with 
various monovalent electrolyte systems by different theoretical methods. 
Electrolytes         TMS                           Kobatake                Nagasawa          From Ps 
                                                         Low            High 
KNO3              0.24×10-2          2.40×10-2       0.56×10-2        0.21×10-2         0.78×102 
NaNO3            0.40×10-2          2.27×10-2       0.52×10-2        0.20×10-2         0.80×10-
2   KCl                 0.60×10-2           2.38×10-2       0.62×10-2        0.19×10-
2              0.86×10-2   NaCl               0.98×10-2          2.37×10-2       0.71×10-2        
0.18×10-2         1.13×10-2    LiCl               1.46×10-2           2.70×10-2       0.98×10-2        
0 .19×10-2        1.51×10-2 
The deviation in the values of fixed charge density lies on the assumption made by 
theoretical models. It was assumed that fixed charge groups were distributed 
homogeneously in the ideal charged membrane. However, in case of charged 
membrane, not only the distribution of charge groups but also the morphology of the 
hydrophilic part plays an important role in the fixed charge density of the membrane. 
Thus, it should be taken into account to develop the TMS theory. Another assumption 
that should be checked is the ion mobilities are constant throughout the membrane 
phase. However, in actual practice these two must be different in membrane phase. 
Based on the results, it is evident that in the low-concentration range, the co-ions are 
almost completely excluded from the pores due to the high double-layer repulsion, 
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and the distribution of ions arising by the diffusion of counter-ions are the main 
reason to the membrane potential [51]. Under these circumstances, the diffusion effect 
can be ignored. On the other hand, in the high-concentration range, the electrical 
double layers formed in the pores are compressed, hence, almost the entire pore 
volume is electrically neutral [51]. Thus, the Donnan effect can be neglected. In the 
intermediate-concentration regime, neither the Donnan effect, nor the diffusion effect 
can be negligible. As a result, the values of membrane potential, between the above 
two limits increases as the concentrations of the electrolytes become lower [51,52].  
HIGH ELECTROLYTE                      LOW ELECTROLYTE 
CONC. (C2)                     >                   CONC. (C1) 
 EDONN 
                        EMEM  =  EDONN  + EDIFF 
 
 
  
Figure 3.7. Schematic representation of Donnan potential, diffusion potential and 
total membrane potential across polyvinyl chloride-zirconium aluminophosphate 
composite membrane. 
Teorell, Meyer and Sievers (TMS) further extended the theory and considered 
membrane potential as a sum of two Donnan potentials occurring at the membrane 
solution interface and a diffusion potential within the membrane as shown in Figure 
3.7 [53].  
                  Ѱm =  − RTVkF ln �γ2±C2 C�1+γ1±C1C�2+� − RTVkF ω�−1ω�+ 1 × ln �(ω�+1)C�2+(Vx Vk⁄ )D�(ω�+1)C�1+(Vx Vk⁄ )D��             (13) 
where R , T  and F  are real gas constant, temperature and Faraday constant 
respectively. γ±  is the mean ionic activity coefficients, ω�  is the mobility ratio of 
cation to anion in the membrane phase, C�1+  and C�2+  are cation concentrations on 
opposite side of the membrane, Vx and Vk are the valences of fixed charge group on 
polymer and cation respectively. 
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                                        C�+ =  ��VxD�2Vk�2 + �γ±Cq �2 −  VxD� 2Vk⁄                         (14) 
                                         C�− =  ��VxD�2Vk�2 + �γ±Cq �2 +  VxD� 2Vk⁄                              (15) 
where C�+ and C�− are the counter and co-ion concentration respectively. The values 
are given in Table 3.2. 
The charge effectiveness (q) can be calculated by the following equation where K± is 
the charge distribution coefficient. 
                                                               q = �γ± K±⁄                                               (16) 
                                                                 K± = C�i Ci⁄                                                (17)     
                                                      where   C�i = Ci − D�  
The distribution coefficient (K) values for various monovalent electrolytes show a 
stable trend i.e. it drops down with the decrease in electrolyte concentrations as given 
in Figure 3.8a except the LiCl which shows an abrupt increase at lower concentration 
and follows the trend as reported earlier in literature [33]. But this deviation at lower 
electrolyte concentration of other monovalent electolytes was not shown as the 
concentration range taken in this report is not much lower. This large deviation in the K value of Li+ at lower electrolyte concentration is attributed to the high mobility of 
comparatively free charges. As a result, reaches into the membrane phase easily as 
compared to higher electrolyte concentration [33]. The distribution coefficient values 
follows the order LiCl <NaCl <KCl <NaNO3 <KNO3 for same concentration of 
electrolytes. 
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 Figure 3.8a. Plots of distribution coefficient vs. – log C2 for different monovalent 
electrolytes across polyvinyl chloride-zirconium aluminophosphate composite 
membrane. 
 
Figure 3.8b. Plots of charge effectiveness vs. – log C2 for different monovalent 
electrolytes across polyvinyl chloride-zirconium aluminophosphate composite 
membrane. 
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The charge effectiveness (q) values also shows a stable trend but opposite to K values 
for various monovalent electrolyte concentrations that is it increases with the decrease 
in electrolyte concentration as shown in Figure 3.8b except the LiCl which shows 
maximum value at moderate concentrations and follows the trend as reported earlier 
[33]. But this deviation at lower electrolyte concentration of other monovalent 
electolytes was not shown as the concentration range taken in this report is not much 
lower. As we know that the membrane has some fixed charge groups associated with 
its membrane phase, which in turn is responsible for the deviation in charge 
effectiveness values. At higher or lower external electrolyte concentrations there is 
disparity in the concentration of fixed charged groups in the membrane phase and the 
counter-ion concentration. As a result, a number of counter ions reaches into the 
membrane phase, and as a consequence of this binding affinity between the polymer 
fixed charge groups and counter-ions, the value of charge effectiveness goes down. In 
contrary to the above results, it shows maximum value at moderate concentration 
region of electrolytes as the concentration of fixed charged groups in the membrane 
phase and the counter-ion concentration are comparable in this region. 
3.3.5. Permselectivity of the composite membrane. A cation exchange membrane is 
said to be perfectly permselective if it allows only the transport of counter-ions while 
blocking the co-ions. Co-ion transport could results from either diffusive (i.e., 
concentration driven) transport from high to low concentration, or field-driven 
migration of co-ions, where the relative magnitude of each form of transport is 
sensitive to the concentration difference and the magnitude of the applied electric 
field [54,55]. The permselectivity of a cation exchange membrane can be expressed in 
terms of transport number as: 
                                                           Ps  =   (t+m − t+) t−                                                (18) 
where  t+m refers to the transport number of counter-ions in the membrane phase, t+ 
and t− refers to the transport number of counter and co-ions in the solution phase. 
The fixed charge density of the membrane (θX)  can be further evaluated from 
permselectivity as reported earlier in the literature [56]. 
                                             1
�4ξ2+1
= 1−t−app−α
α−(2α−1)(1−t−app) ≡ Ps                                   (19) 
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where  ξ =  C θX⁄  
                               HIGH ELECTROLYTE              LOW ELECTROLYTE 
          CONC. (C2)                 >              CONC. (C1) 
 
                                                                            TRANSPORT OF COUNTER-IONS 
                    
                            EXCLUSION OF CO-IONS                        EXCLUSION OF CO-IONS                             
                                                             
 
 
Figure 3.9. Schematic representation showing transport of ions across perfectly 
permselective membrane. 
When a cation exchange membrane is placed between unequal electrolyte 
concentrations the transport phenomenon exclusively took place via counter-ions and 
co-ions are completely excluded from the membrane and the membrane is said to be 
perfectly permselective as depicted in Figure 3.9. These considerations have been 
confirmed from Eq. 19, if Ps becomes equal to unity, t−app = 0 i.e no transport of co-
ion, whereas if Ps = 0, t−app = 1 −  α i.e anions behave as in bulk solution or as in a 
membrane having no fixed charge. It is evident that when C becomes equal to θX in 
the above equation, then Ps attains the value of 1/√5 or 0.447. The value of the C 
corresponding to which Ps = 0.447 gives the values of fixed charge density (θX). 
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Figure 3.10. Plots of Ps vs. log C for different monovalent electrolytes across 
polyvinyl chloride-zirconium aluminophosphate composite membrane. 
From the plots of Ps against log C (whereC =  C1 + C2 2⁄ ) as depicted in Figure 3.10, 
the values of fixed charge density was calculated for different monovalent electrolyte 
systems (Table 3.4). The Ps values show that the fixed charge density is highest for 
LiCl for the same electrolyte concentration, indicating that the composite membrane 
shows highest selectivity towards Li+ ion, which is in accordance with the other 
methods described above. 
3.3.5.1. Counter-ions effect on permselectivity. The various electrolytes with 
lithium, sodium and potassium as counter-ions show the highest value of 
permselectivity for lithium counter-ion as compared to other counter-ions. The 
binding affinity between polymer fixed charge groups and counter-ions also plays a 
significant effect on permselectivity. Among the used counter-ions, K+ counter-ion 
shows strong interaction with the fixed charge groups on the polymer [57], thereby 
decreasing the effective membrane charge density. As a result, permselectivity 
decreases. The decrease in effective fixed charge density value was confirmed by 
various theoretical membrane models in this report. Li+ counter-ion with highest 
permselectivity value has greater tendency to exclude co-ions as compared to the 
other counter-ions, followed by Na+ and lastly by K+. 
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Donnan theory predicts that co-ion sorption in the membrane decreases as fixed 
charge concentration increases [55,58]. Since co-ion sorption is related to co-ion 
transport [55,58], reduced fixed charge concentration in the membrane is expected to 
reduce permselectivity. Based on this theory it can be concluded that Li+ has greater 
tendency to exclude co-ions than other counter-ions and had highest permselectivity 
value. 
3.3.5.2. Co-ions effect on permselectivity. The cation exchange membrane in Li+, 
Na+ or K+ counter-ions shows greater permselectivity with chloride as co-ion in 
comparison to nitrate as co-ion. The trend obtained was as LiCl> NaCl> KCl> 
NaNO3> KNO3. The basic principle for this difference relies on the hydrated radii of 
co-ions. Nitrate ions has greater hydrated radius (335pm) as compared to chloride 
ions (331pm) [59]. Since both of them carry a unit negative charge, therefore the 
charge density of the nitrate is lower than chloride. As a consequence more sorption 
of nitrate into the membrane took place as compared to chloride. This results into 
greater chloride exclusion because of strong interactions between the charge dense 
chloride ion and the polymer matrix of the membrane. 
3.4. CONCLUSIONS 
Composite membranes of polyvinyl chloride blended with zirconium 
aluminophosphate were synthesized. The various physico-chemical properties 
confirmed the formation of composite. The IR peaks at different wavenumbers 
correspond to the different functional groups present in the composite. The X-ray 
diffractogram revealed it to be of amorphous nature with no description of the 
crystallographic location of the cation exchange sites or site density. SEM images of 
the composite show uniformity of membrane with average particle size of about 0.5 
µm. Stability in terms of polymer ratio shows that the composite membrane has 
maximum stability with 25% polymer. This accounts for the fact that polymer 
provides cross-linked framework for the mechanical stability and flexibility whereas 
inorganic part provides thermal stability to the membrane. The membrane potential 
values for aqueous solutions of monovalent electrolytes, follows the order LiCl> 
NaCl> KCl> NaNO3> KNO3 attributed to the different sizes of electrolytes. The 
membrane potential increased with the decrease in cations size. For anions, 
differences found are according to the size, mobility ratio and strong interaction with 
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the membrane matrix. Small size and higher mobility of Cl- ion shows greater value 
of membrane potential whereas NO3- ion shows lower value because of its large size 
and strong interaction with the membrane matrix. That is, shows maximum value for 
cation of smaller size (Li+). The membrane potential decreased with increase in 
electrolyte concentration and thus confirmed its nature as a cation exchange 
membrane. The transport number and mobility ratio of ions in the composite 
membrane depends strongly on electrolyte concentration due to the flow of 
electrolytic ions through membrane matrix. The various theoretical models 
(Nagasawa, Kobatake and TMS) for determination of fixed charge density of 
membrane resulted in a good qualitative agreement between the calculated and 
experimental values for different monovalent electrolyte solutions. Li+ ion possess 
highest value of fixed charge density in all the methods as the Donnan exclusion is 
higher for the electrolyte with cation of lower size. The extended form of TMS theory 
further shows the dependency of distribution coefficient and charge effectiveness of 
the membrane on electrolyte ions. Permselectivity of the composite membrane was 
highest for LiCl and lowest for KNO3. The binding affinity between counter-ions and 
fixed charge groups on polymer has a strong impact on permselectivity of membrane. 
K+ ion shows strong affinity for fixed charge groups on the polymer as compared to 
Li+ ion. The higher binding affinity reduces the fixed charge density of the membrane, 
thereby showing reduction in Donnan exclusion and decrease in permselectivity. Co-
ion (NO3-) with higher hydrated radii and lower charge density also tended to result in 
low membrane permselectivity due to co-ion absorption in the membrane. These 
observations confirmed the future applicability of membrane in electro-membrane 
processes. 
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4.1. INTRODUCTION 
Heavy metals possess a great threat to environment and water bodies resulting from 
various human activities, industrial effluents and waste water discharge. The various 
methods for the removal of these heavy metal ions are ion-exchange, adsorption, 
electrochemical deposition, membrane separation and gas separation. Various 
literatures focuses on adsorption method for BiOI to show its high photocatalytic 
activity under visible light irradiation suggesting that it could be a promising 
photocatalyst in the treatment of wastewaters containing organic pollutants [1] and 
also showed its adsorption capabilities for phosphate in water [2]. 
However, separation membranes have become essential parts of the human life 
because of their growing industrial applications in hi-tech areas such as 
biotechnology, nano-technology and membrane based energy devices in addition to 
different membrane based separation and purification processes [3]. These 
membranes have been utilized in separation process technologies because these 
processes are highly economically viable due to low energy requirements and facile 
scale-up of membrane modular design. Various types of membranes have been 
developed for the use in reverse osmosis, nanofiltration, ultrafiltration, microfiltration, 
pervaporation, electrodialysis, solid polymer electrolyte, fuel cell applications, 
membrane based sensors, medical use such as artificial organs and controlled release, 
and different ion-exchange membrane based electro-membrane processes [3,4]. 
Among these membranes, ion-exchange membranes are one of the most advanced 
separation membranes. The basic principle on which the applications of these process 
lies is the Donnan membrane equilibrium. It is used for the recovery and enrichment 
of valuable ions, and the removal of undesirable ions from waste water [5], especially 
to extract toxic metal ions from effluents [6]. 
The separation efficiency of a membrane is significantly influenced not only by the 
sieving action but also by the membrane charge [7,8]. The membrane charge interacts 
with ions electrostatically and affects the separation efficiency of ions through the 
partition of ions from bulk solution into the membrane [7]. Thus, it is important to 
know the electrical properties of the membrane around the interface for the separation 
efficiency of a membrane. 
The ion transport properties across a charged membrane are determined by the 
measure of membrane potential. The membrane selectivity towards particular ionic 
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species and the concentration range of the external salt solution in which it behaves as 
a cation exchange membrane depends strongly on the fixed charge concentration of 
the membrane. Membrane potential can also give information about the membrane 
fixed charge effectiveness, which is a central parameter governing transport 
phenomena in this kind of membranes [9]. The origin of charge effectiveness is a 
result of the membrane inhomogeneities or ion-pair formation between the fixed 
charge group and the counterion in the membrane [10,11]. 
It is well-known that incorporating inorganic fillers into the polymer membranes 
matrices have attracted tremendous research interest in both academia and industry 
due to their structural diversity, flexibility and has improved the physical and 
chemical properties of polymers. The properties of the materials are not only the sum 
of individual contributions of both phases, but also the role of the internal interfaces 
could be predominant [12]. These interfaces provide cohesion and linking to the 
composite materials. The polymers can interact or be trapped within the inorganic 
matrix through a large set of “weak” interactions (H-bonds, 𝜋–π interactions, van der 
Waals) [13]. 
In this paper, composite membrane of polystyrene (PS) blended with bismuth 
oxyiodide (BiOI) was synthesized to know the transport properties of the membrane. 
The measure of the membrane potential is just a significant method for characterizing 
the ion transport phenomena across a charged membrane. Nagasawa et al. [14,15], 
Kobatake and co‒workers [16-21], Teorell, Meyer and Sievers [22-24] have given 
theoretical models to describe the ion transport across a charged membrane in terms 
of fixed charge density. Transport number, mobility ratio, distribution coefficient, 
charge effectiveness and other related parameters were also investigated. Various 
parameters governing the influence of counter and co‒ions on permeselectivity has 
been investigated. Binding affinity of counter‒ions with polymer matrix, hydrated 
radii of co‒ions and dielectric exclusion of ions between media of different dielectric 
constants, in particular, a membrane matrix and a solvent were also taken into 
consideration. 
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4.2. EXPERIMENTAL SECTION 
4.2.1. Preparation of Bismuth oxyiodide (BiOI) 
All the reagents and chemicals were of analytical grade and used without further 
purification. In a typical synthesis procedure of BiOI, 0.97 g of Bi (NO3)3.5H2O (BN) 
was dissolved into 100 ml of aqueous solution having 9 ml of acetic acid under 
vigorous stirring for 15 min [25]. Then, the obtained BN solution was added dropwise 
into another solution containing 0.33 g of KI in 100 ml of distilled water and was 
magnetically stirred for 1 h to obtain gel which was left for ageing at room 
temperature for 4 h. The resulting reddish brown precipitate of BiOI was filtered, 
washed multiple times with distilled water to remove excess salts and then dried at 60 
℃P for 24 h to get the final product. There are more recent papers involving BiOI 
synthesis using hydrothermal method [26-28]. 
4.2.2. Preparation of Polystyrene (PS)-BiOI composite material and membrane 
fabrication 
The PS‒BiOI composite membrane was prepared out as follows: PS sieved with the 
mesh size of 200 (≤75 μm = 0.0029 inches) was used as a binder to enhance the 
structural integrity and stability of the composite material. The selection of optimum 
quantity of binder is of immense importance in membrane fabrication. The membrane 
prepared by embedding 25% of PS was suitable for our purpose, larger amount 
(>25%) and lesser amount (<5%) of PS did not give reproducible results and appeared 
to be unstable [29,30]. With increase in the ratio of polymer, there is increase in the 
number of polymer chains which further increases the number of obstacles in the 
membrane. As a consequence, the number of cation exchange sites decreases which 
ultimately decreases the electrochemical and transport property of the membrane and 
affects its application in membrane processes. Thus, the powder with 25:75 (polymer: 
inorganic) ratio by weight was mixed in mortar pestle to have uniform contact amid 
them, and was placed in furnace maintained at 60 °C for 1 h to equilibrate the reaction 
mixture. It was then pressed in a hydraulic press (SL‒89, UK) by applying pressure of 
7 tons for 5 min. The fabricated membrane samples were equilibrated in electrolyte 
solution of interest for at least 24 h prior to the measurement. 
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4.2.3. Physico-chemical characterization of the membrane 
The crystal structure and phase purity of the material was done by X‒ray diffraction 
(XRD) analysis using Rigaku Miniflex X‒ray diffractometer with Cu-Kα radiation 
(λ=1.54 Å), having scanning speed of 4°P/min with diffraction angle in the range of 2θ 
= 20‒80°P. Fourier transform infrared (FT‒IR) absorption peaks of the synthesized 
material was recorded on “PerkinElmer spectrum version 10.03.09” using KBr disc 
method at room temperature to elucidate various functional groups and chemical 
structure. Simultaneously, thermogravimetric‒differential thermal analysis 
(TG‒DTA) was performed using Shimadzu DTG-60 H, operated under nitrogen 
atmosphere with a heating rate of 20 ℃ /min from 25‒600 ℃P. The morphology of the 
materials was observed by Scanning electron microscopy (JEOL JSM‒6510 LV 
operated at 15 kV). The samples were mounted on a sample stud using double‒sided 
conductive tape. 
4.2.4. Water uptake properties of the composite membrane 
The water uptake properties of the membranes were studied by the usual gravimetric 
method. The membrane was first immersed in 1M solutions of NaCl and KCl 
separately at room temperature for 24 h. The excess moisture was wiped carefully 
with Whatman filter paper and the swollen membrane was weighed (Wwet ). The 
membrane sample was then dried at 60 ℃P in an oven and weight (Wdry) was recorded 
once again. The water uptake percentage of the composite membrane was estimated 
by the following equation [9]:  
                                          Water uptake % = �Wwet− Wdry�
Wdry
× 100                            (1) 
where Wwet and Wdry are weight of wet and dry mass of the membrane respectively. 
The increase in weight of the membrane was equal to the weight of the liquid sorbed 
by it. The process was repeated several times using different membrane samples to 
avoid error due to the surface water and the average value was taken. The swelling 
characteristics of polymeric membranes are closely related to the structural properties 
of the polymers and their permeability to solutes [31-33]. 
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4.2.5. Electrochemical characterization of the membrane 
Membrane potential was measured by placing the membrane of 4.71 cm2 effective 
area in between a 2-compartment glass cell with a volume of each half cell being 30 
ml. The salts of NaCl, KCl, NaNO3 and KNO3 were used as electrolytes and were 
filled in the chamber in 6 series: with varying concentrations maintaining a constant 
value of 10 ranging from 1M-0.0001M. To minimize concentration-polarization at the 
membrane surface, magnetic stirrer was placed at the bottom of each half cell. The 
membrane potential was calculated using digital potentiometer (Electronics 
India‒118), and silver electrode was used as a reference across the composite 
membrane. The process was repeated 3 times by replacing the solutions with new one 
and the average was taken as the desired result. 
4.3. RESULTS AND DISCUSSION 
4.3.1. Characterization of the composite membrane 
Figure 4.1 shows the XRD patterns of pure BiOI and PS‒BiOI composite. The main 
diffraction peaks of PS‒BiOI composite at 2𝜃 levels 29.46°, 31.46°, 37.01°, 39.19°, 
45.24°, 49.77°, 51.10°, 54.97°, 60.01°, 61.34°, 65.55° and 66.21° are almost similar to 
pure BiOI, and can be indexed to the tetragonal phase of BiOI (JCPDS 10-0445) [1], 
which indicates that the presence of PS in composite does not result in the 
development of new crystal orientations or changes in preferential orientations of 
BiOI. No characteristic peaks assigned to PS in the PS‒BiOI composite can be 
attributed to the low amount and relatively low diffraction intensity of PS [34]. 
However, the presence of PS in PS-BiOI composite can be easily evidenced by 
Fourier transform infrared as discussed later. 
The average crystallite size of composite can also be estimated using the Scherrer 
formula: 
                                                            D =  K λ ⁄ β cosθ                                             (2) 
where K is the Scherrer’s constant (K = 0.94), λ is the wavelength of X-ray radiation 
(λ = 0.15406 nm for Cu), β is the full width at half- maximum (FWHM) and θ is the 
diffraction angle. The average crystallite size of the composite was found to be around 
31 nm. 
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 Figure 4.1. X-Ray diffraction patterns of pure bismuth oxyiodide and polystyrene- 
bismuth oxyiodide composite membrane. 
 
Figure 4.2. FT-IR spectra for pure bismuth oxyiodide and polystyrene- bismuth 
oxyiodide composite membrane. 
FT-IR spectra of PS, pure BiOI and PS-BiOI composite are illustrated in Figure 4.2. 
The characteristic strong peak around 3413 cm-1 was attributed to interstitial water 
molecules and non-bonding ν (O‒H) stretching vibrations. The absorption bands at 
3010 cm-1 and 2899 cm-1 affirms the C‒H mode of aromatic and aliphatic groups of 
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PS. The absorption peaks of pure BiOI at low frequency (below 1000 cm-1) 
corresponded to the vibration of Bi=O=Bi bonds [34] and to the stretching vibration 
of the tetragonal crystal links of BiOI [35]. However, the PS-BiOI composite below 
1000 cm-1 shows shifting in the absorption bands towards lower wave number, 
suggesting an intensive chemical interaction between PS and BiOI. In PS-BiOI 
composite, there is also some increment in the number of absorption bands as 
compared to pure BiOI, attributed to the presence of aromatic ring in the composite. 
Thus, the spectrum clearly shows the presence of PS in the composite. 
TGA curves for pure BiOI and PS‒BiOI composite are shown in Figure 4.3a. The 
weight loss of 3.53% of pure BiOI upto 300 oC is attributed to the loss of absorbed 
moisture or the residual (or absorbed) solvent [36]. From the temperature 300‒600 oC, 
18.67% of weight loss has been observed owing to the decomposition of BiOI. 
However, for composite, the curve shows a higher weight loss of about 22.27% from 
350 oC onwards, caused by the thermo-oxidation of the polymer matrix. DTA curves 
for pure BiOI and PS‒BiOI composite are shown in Figure 4.3b. Pure BiOI shows a 
slight beginning of exothermic peak at about 600 oC, whereas the composite shows an 
obvious exothermic peak at 572 oC, a marked deviation attributed to the melting of 
the material. The decrease in exotherm shows a strong evidence of composite 
formation as suggested in literature [37,38]. 
The SEM study was done to depict the morphological changes produced at the surface 
after binding of BiOI with PS. Figure 4.4a shows smooth planar structure of 
constituent inorganic part, which upon binding with polymer (Figure 4.4b) shows 
intergranular cavitation with porous structure having loose array of grains and micro 
voids without any aggregation on the surface. This confirms the composite membrane 
to be porous in nature. The surface of BiOI and PS-BiOI was observed by SEM, and 
the images are shown in Figure 4.4.  
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 Figure 4.3. (a) TGA (b) DTA curves of pure bismuth oxyiodide and polystyrene- 
bismuth oxyiodide composite membrane. 
  
Figure 4.4. SEM images of (a) pure bismuth oxyiodide and (b) polystyrene- bismuth 
oxyiodide composite membrane. 
4.3.2. Properties of the composite membrane 
Water uptake property of the composite membrane plays a significant role in the 
transport of ions across it. The membrane shows comparable water uptake due to 
inherent property of the inorganic part to keep both physical and chemically bound 
moisture, and pore formation, creating free space to absorb more water. Since, water 
channel promotes the migration of the ionic species with the increase in transport 
phenomena. 
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The presence of electrolyte plays an important role in the swelling of membrane. 
Membrane immersed in NaCl solution shows more swelling (7.89 ± 0.01) than that 
immersed in KCl solution (5.26 ± 0.01). This relies on the fact that the swelling of the 
membrane decreases with the increase in ionic radius of cation [39]. Swelling of the 
composite membrane results from the balance between the internal osmotic pressure 
and the forces associated with the elasticity of the polymer matrix. Moreover, the 
internal osmotic pressure is due to the presence in the polymeric groups, counter-ions 
and sorbed electrolyte [9]. It was found that the water uptake of a membrane depends 
on the water’s vapour pressure of the surroundings. In general, membranes having the 
same chemical composition should absorb comparable amounts of water. The water 
uptake properties depend on density of the polymer network, hydrophobic or 
hydrophilic nature of the polymer and also on the membrane morphology. This 
confirms that interstices are insignificant and the dense ionizable groups are the same 
throughout the membrane and suggests that diffusion would occur mainly through 
ion-exchange sites across the membrane [40]. 
4.3.3. Electrochemical properties of the composite membrane 
4.3.3.1. Membrane potential 
Charged membrane when brought in contact with same electrolyte of unequal 
concentrations develops a contact region across the membrane and these regions are 
considered as junctions for same electrolytes. Because of this unequal concentration 
of electrolytes there also develops a potential difference resulting from the two 
contributions of Donnan and diffution potential. The Teorell-Meyer and Sievers 
[41,42] theoretical model well explained these phenomena by giving an idealized 
equation.  
                             Ѱm  = 59.2 �  log C2�4C12+D�2 +D�
C1�4C2
2+D�2+D�
 + U� log �4C22+D�2+D�U�
�4C1
2+D�2
 
+D�U�
�               (3) 
                                                                     U� =  �u�− v�
u�+ v��                                             (4) 
where u� and v� are the cation and anion mobilities (m2v-1s-1) respectively, and D� is the 
fixed charge density of the membrane expressed in equivalents per unit volume. 
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The diffusion potential arises because of the difference in mobilities of cations and 
anions. The fast moving ions diffuses rapidly from high concentrated side to low 
concentrated side through junctions to maintain the electro-neutrality condition. 
Meanwhile, the slow moving ions are left behind on the higher concentration side. 
The ion distribution is purely due to the diffusion and electro-migration. This type of 
separation of charge would cause an electrical potential. 
The Donnan potential arises because of the charge on pore walls of the membrane. 
This charge repels the co-ions (having same charge to that of the pore walls) and 
attracts the counter-ions (having opposite charge to that of pore walls). As a 
consequence, the counter-ions diffuse through the pores and will have higher 
concentration in the membrane phase than in solution phase, whereas the co-ions are 
excluded from the pores and will have lower concentration in the membrane phase 
than in solution phase. Because of this concentration difference, a potential difference 
known as Donnan potential is generated between the membrane and solution interface 
to maintain the electrochemical equilibrium, thereby, showing conducive effects in 
repulsion of co-ions and attraction of counter-ions by the membrane [43]. This leads 
to the formation of an electrical double layer, so that a charged surface and a 
neutralizing excess of counter-ions exists in the adjacent solution [44,45]. 
According to TMS theory, an equilibrium process develops at each membrane-
solution interface, which has a formal similarity with the Donnan equilibrium. This 
theory rely on following assumptions (1) all electrolytes dissolve perfectly, (2) the 
electrical charge of the membrane is uniform, (3) the transference of water from either 
side of the membrane may be ignored, (4) the effect of the diffusion boundary layer at 
membrane-solution interface is negligible, (5) the activity coefficients of all ions are 
equal to unity, (6) the fixed charge groups are homogeneously distributed in the 
membrane, (7) the cation and anion mobilities and fixed charge concentrations are 
constant throughout the membrane phase and are independent of the electrolyte 
concentration. Another assumption is that the activity coefficient of the salt is the 
same in both the membrane and solution phase. The introduction of activities for salt 
concentrations can only be correctly made for the Donnan potential, whereas the 
expression for the diffusion potential, using either the integration of Planck or 
Henderson [42] equations. 
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Figure 4.5 shows the potential values (Table 4.1) of PS-BiOI composite membrane 
observed at 25± 2 ℃ for different concentrations of NaCl, KCl, NaNO3 and KNO3 
salts, and were plotted against –log C2. 
 
Figure 4.5. Plots of membrane potential vs. – log C2 for different monovalent 
electrolytes across polystyrene- bismuth oxyiodide composite membrane. 
The membrane potential shows positive values on decreasing the electrolyte 
concentrations and thus confirms the composite membrane to be of cation selective in 
nature, attributed to the structural changes produced in the electrical double layer at 
the solution membrane interface [46]. The electrical double layer at the membrane 
solution interface seems to control the ion permeation as suggested by Tien and Ting 
[47]. The potential values follow the order NaCl> KCl> NaNO3> KNO3 with 
different sizes of electrolytes. The membrane potential increased with the decrease in 
cation size. For anions, differences found are according to the size, mobility ratio and 
strong interaction with the membrane matrix. Small size and higher mobility of Cl‒ 
ion shows greater value of the membrane potential whereas NO3‒ ion shows lower 
value because of its large size  and strong interaction with the membrane matrix. 
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Table 4.1. Observed membrane potential (Ѱm ) across polystyrene- bismuth 
oxyiodide composite membrane in contact with various monovalent electrolyte 
solutions at different concentrations. 
  Electrolyte conc.                      Observed membrane potentials (mV) 
       C2/C1 (mol/l)           KNO3         NaNO3           KCl           NaCl          
        1/0.1                         6.1                7.6               9.6             11.5                
     0.1/0.01                     14.8               16.7            18.8             21.3          
     0.05/0.005                 20.1               21.9            23.3             25.7         
     0.02/0.002                 22.9               25.2            27.1             29.9         
     0.01/0.001                 28.2               31.1            32.4             35.8               
    0.001/0.0001              39.6              42.5             45.3             48.1 
4.3.3.2. Transport number and mobility ratio 
Transport number is the fraction of total current carried by counter ions passing 
through the membrane [48]. Membrane when separated by unequal electrolyte 
solutions develops membrane potential which can be used to calculate the transport 
number and is given by the following equation: 
                                                         Ѱm  =   RTF  �t+ −  t_� ln C2C1                          (5)               
where R , T  and F  are gas constant, absolute temperature and Faraday constant 
respectively. C1 and C2 are the concentrations of electrolyte solutions in the testing 
glass chamber. The transport property depends on the characteristic electrical charge 
of the membrane. The effective charge of the membrane affects the transport of ions. 
For slightly charged membranes, the Donnan effect of the co-ions can be neglected 
and the diffusion potential is mainly responsible for the membrane potential due to the 
different mobilities of co-ions and counter-ions in the membrane, and its expression 
(for 1 : 1 electrolytes) is [49,40]: 
                                                              U =  � t+|Z+| − t−|Z−|�                                             (6) 
                                                                 ω� = t+
t−
=  u�
v�
                                                 (7) 
where U is a parameter related to the combined transport numbers of the ions in the 
membrane, t+ and t−are the transport number of cation and anion, Z+and Z− are the 
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valences of cation and anion, u� and v� are their molar mobilities respectively. The ratio 
of molar mobilities of cation to anion is given by the mobility ratio (ω�). In this report, 
the transport number at lower concentration of sodium salt for the composite 
membrane reached upto 0.90 demonstrated slight deviations from the ideal ion-
selective property of 1.00. 
The values of both transport number ( t+) and mobility ratio (𝛚� ) as given in Table 4.2 
shows positive trend with dilution i.e. increases with decreasing the electrolyte 
concentrations due to flow of electrolytic ions through the membrane matrix. Thus, 
the membrane exhibits very good selectivity for Li+. It can clearly be seen that 
transport numbers for Na+ decreased with increasing concentration of the NaCl 
solution, which is considered to be due to the decrease in Donnan exclusion. 
Table 4.2. Calculated values of parameters t+, ω� , C�+ and C�− of polystyrene- bismuth 
oxyiodide composite membrane in contact with different monovalent electrolytes. 
Electroly
te   
Conc. 
    KNO3                           NaNO3                      KCl                          NaCl 
  
 𝐭+            𝛚�                  𝐭+         𝛚�                  𝐭+          𝛚�                 𝐭+         𝛚�      
        1 
    0.1 
   0.05 
   0.02 
   0.01 
  0.001 
      1 
   0.1  
  0.05 
  0.02 
  0.01 
 0.001                       
0.55        1.23            0.56        1.29            0.58         1.39           0.60        1.48  
0.63        1.67            0.64        1.79            0.66         1.94           0.68        2.13 
0.67        2.03            0.68        2.18            0.69         2.31           0.72        2.55 
0.69        2.27            0.71        2.49            0.73         2.70           0.75        3.06 
0.74        2.83            0.74        2.96            0.77         3.44           0.80        4.09 
0.84        5.09            0.85        5.87            0.88         7.64           0.91        9.87 
𝐂�+               𝐂�−            𝐂�+             𝐂�−             𝐂�+           𝐂�−           𝐂�+            𝐂�− 
0.6643    0.6658      0.7380     0.7406      0.7745    0.7775      0.8066      0.8109      
0.0846    0.0860      0.0848     0.0874      0.0849    0.0879      0.0841      0.0884  
0.0433    0.0447      0.0425     0.0451      0.0423    0.0453      0.0412      0.0454      
0.0171    0.0186      0.0161     0.0187      0.0157    0.0187      0.0145      0.0188      
0.0080    0.0095      0.0069     0.0095      0.0065    0.0095      0.0053      0.0096     
0.0002    0.0016      0.0004     0.0030      0.0005    0.0035      0.0006      0.0049 
Membrane potential ,Ѱm , can also be used to determine the counter-ion transport 
number in the membrane phase assuming the transport number to be constant 
throughout the membrane. Aizawa et al [50] proposed the following relationship 
between Ѱm and 1 C1�  to calculate the transport number of counter-ions. 
                    Ѱm  =   RTF  �(2t+m  − 1) lnγ +  2(γ−1)γ  (1 − t+m) t+m  θXC1�           (8) 
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where t+m and θX  are the counter-ion transport number and concentration of fixed 
charge in the membrane phase respectively. For better determination of transport 
number in the membrane phase, the effective concentration of exchange site of the 
membrane should be much lower than electrolyte concentration [51]. Slope (θX) and 
intercept (t+m ) values can be obtained by plotting the graph of Ѱm against 1/C1using 
Eq. 8. The value of t+m  and θX (Table 4.3) follows the order NaCl> KCl> NaNO3> 
KNO3. 
Table 4.3. Calculated values of the parameters t+m , X, α and β of polystyrene- 
bismuth oxyiodide composite membrane in contact with different monovalent 
electrolytes. 
Electrolytes KNO3 NaNO3 KCl NaCl t+m  0.6472 0.6616               0.6789           0.700 
θX 0.022×10-2 0.023×10-2 0.025×10-2 0.026×10-2            
α 0.6520            0.6652               0.6810           0.7028             
β    2.2561            2.1069               1.9368           1.7725                                                                                                                                          
4.3.4. Evaluation and comparison of fixed charge density by various theoretical 
models Nagasawa 
Nagasawa et. al has given the equation 
                                                          −Ѱm = RT F  � γγ−1�  �θX2 �  1C1                               (9) 
to calculate the fixed charge density of a charged membrane when separated by 
unequal electrolyte concentrations C1 and C2, where  θX is the fixed charge density of 
the membrane. Figure 4.6a shows the membrane potential as function of electrolyte 
concentration (Ѱm vs. 
1
C1
). Straight lines were obtained for the membrane in the range 
of concentration studied. This suggests that the membrane potential is inversely 
related to the electrolyte concentrations. The slope values can be further used to 
evaluate the fixed charge density (Table 4.4) of the composite membrane. 
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 Figure 4.6a. Plots of membrane potential vs.1/ C1 for different monovalent 
electrolytes across polystyrene- bismuth oxyiodide composite membrane. 
Table 4.4. Comparison of calculated values of the effective fixed charge density of 
polystyrene- bismuth oxyiodide composite membrane in contact with various 
monovalent electrolyte systems by different theoretical methods. 
Electrolytes          TMS                         Kobatake                Nagasawa         from 𝐏𝐬 
                                                         Low             High  
    KNO3            0.14×10-2           1.02×10-2       0.04×10-2       0.016×10-2       0.06×10-2        
    NaNO3          0.25×10-2           1.09×10-2       0.05×10-2       0.016×10-2       0.07×10-2         
    KCl               0.30×10-2           1.21×10-2       0.06×10-2        0.017×10-2          0.12×10-2        
    NaCl             0.42×10-2           1.27×10-2       0.08×10-2        0.02×10-2        0.16×10-2        
Kobatake et. al 
Starting with the basic flow equation based on the thermodynamics of irreversible 
processes Kobatake has given a theory for membrane potential which is applicable for 
the charged membrane separated by electrolyte solutions of variable concentrations. It 
has two limiting forms: 
1- When C1  becomes sufficiently small with fixed γ  (10) value, the fixed charge 
density of the composite membrane can be calculated as:                            
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                                     Ѱm =  RTF  �1β  lnγ − �γ−1αβγ� �1 +  1β −  2α� C1θX�                      (10)                               
where β is related to the effect of adsorption of ions upon the membrane material, α is 
related to membrane selectivity of ions. By plotting a graph of  Ѱm  vs. C1, intercept 
and slope gave the values of β and α respectively, thereafter, the fixed charge density 
can be calculated. 
2- At high salt concentration with fixed γ (10) value, the fixed charge density can be 
further evaluated using membrane potential values and t_app from the equation: 
                                                1
t−app
 =  1
1−α
  +  α (γ−1)(1−α) γ lnγ  �θXC1�                                (11) 
where the inverse of an apparent transport number for the co-ion species in a 
negatively charged membrane is proportional to the inverse of concentration. The 
apparent transport number can be calculated using the Nernst form of equation: 
                                              Ѱm  =   RTF  �1 − 2t_app� ln C2C1                                     (12) 
Using Eq. 11 and 12, the plot of inverse of apparent transport number �1 t−app� � 
against 1
C1
 as shown in Figure 4.6b gives the value of fixed charge density of the 
membrane from intercept value. The values of α and β as calculated above are given 
in Table 4.3. 
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Figure 4.6b. Plots of inverse of apparent transport number vs. 1/ C1 for different 
monovalent electrolytes across polystyrene- bismuth oxyiodide composite membrane. 
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Figure 4.7. Schematic representation of Donnan potential, diffusion potential and 
total membrane potential of polystyrene- bismuth oxyiodide composite membrane. 
A set of theoretical curves were obtained using Eq. 3 and Eq. 4 of the TMS theory 
that can be further utilized to calculate the fixed charge density of the membrane. The 
curves in the plot (Figure 4.8) show the theoretical potential values for the composite 
membrane at different mobility ratio with constant D� value. The experimental curve 
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for membrane potential of NaCl was also plotted in the same plot. NaCl shows the 
highest membrane potential and thus was used in the plot for determination of fixed 
charge density. 
 
Figure 4.8. Plots of membrane potential vs. – log C2 for polystyrene- bismuth 
oxyiodide composite membrane by TMS method. Each smooth curves are theoretical 
membrane potentials at constant D�=1 value with different mobility ratio (m.r). The 
broken line depicts the experimental membrane potentials for NaCl. 
The experimental potential curve was shifted horizontally and ran parallel to one of 
the theoretical potential curves. This shift gave log D� values within the membrane 
phase. The values of D� derived in this way for various 1:1 electrolytes are given in 
Table 4.4. The order of fixed charge density for various monovalent electrolytes was 
found to be NaCl> KCl> NaNO3> KNO3. Thus, the membrane potential greatly 
affects the effective fixed charge density, which further depends on ionic species and 
potential distributions in the systems. 
Form these theoretical models, the calculated values of fixed charge density of the 
composite membrane for various monovalent electrolytes comparatively agreed with 
one another. The two limiting forms of Kobatake show slight deviation due to the low 
estimation of charge density thereby, confirming its applicability in the system. 
-2 -1 0 1 2 3
0
10
20
30
40
50
60
 
 
m
em
br
an
e p
ot
en
tia
l,(
m
V)
-log C2(mol/l)
 m.r=1.0
 m.r=1.2
 m.r=1.4
 m.r=1.6
 m.r=1.8
 NaCl
130 
 
The assumption made by the above theoretical models result in the deviation of fixed 
charge density values of the composite membrane. The fixed charge density given 
here could not reflect the effects of the distribution of charge groups or the 
morphology of the hydrophilic part of the charged membrane. However, it was 
assumed that the fixed charge groups were distributed homogeneously in the ideal 
charged membrane. Thus, it should be taken into account to develop the TMS theory 
[52]. Another deviation is due to the difference in mobility ratio of cation to anion in 
the water and membrane phase. However, it was assumed to be constant throughout 
the membrane phase. Thus, these assumptions must be taken into consideration. 
On the basis of results, it can be concluded that in high-concentration range the 
electrical double layers formed at the interface in the pores gets compressed and the 
entire pore volume becomes electrically neutral. So, under this condition Donnan 
effect can be neglected. In low-concentration range, the distribution of ions arising by 
the diffusion of counter-ions is the main reason to the membrane potential. This is 
mainly because of complete exclusion of co-ions from the pores due to the high 
double-layer repulsion. Under these circumstances, the diffusion effect can be 
ignored. However, in the intermediate-concentration range, neither the Donnan effect, 
nor diffusion effect can be negligible. As a result, the values of membrane potential 
between the above two limits increases as the concentrations of the electrolytes 
become lower [53,54]. 
Teorell, Meyer and Sievers (TMS) theory was further extended to calculate the charge 
effectiveness, distribution coefficient and counter and co-ion concentrations. 
                  Ѱm =  − RTVkF ln �γ2±C2 C�1+γ1±C1C�2+� − RTVkF ω�−1ω�+ 1 × ln �(ω�+1)C�2+(Vx Vk⁄ )D�(ω�+1)C�1+(Vx Vk⁄ )D��               (13) 
where R is real gas constant, T is temperature and F is Faraday constant. γ±  is the 
mean ionic activity coefficients, C�1+ and C�2+  are cation concentrations on opposite 
side of the membrane, ω�  is the mobility ratio of cation to anion in the membrane 
phase, Vx  and Vk  are the valences of fixed charge group on polymer and cation 
respectively. 
The membrane counter C�+  and co-ion C�−  concentration can be obtained from the 
given relation and the values are given in Table 4.2. 
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                                      C�+ =  ��VxD�2Vk�2 + �γ±Cq �2 −  VxD� 2Vk⁄                                 (14) 
                                      C�− =  ��VxD�2Vk�2 + �γ±Cq �2 +  VxD� 2Vk⁄                                 (15) 
The charge effectiveness (q) can be given as: 
                                                    q = �γ± K±⁄                                                          (16)  
where K± is the charge distribution coefficient and is given by 
                                            K± = C�i Ci⁄    and   C�i = Ci − D�               (17)     
where C�i and  Ci are the  ith concentration of  ion in the membrane phase and external 
solution respectively. 
The distribution coefficient (K) values when plotted against –log C2  shows a drop 
down trend with the decrease in electrolyte concentration for various monovalent 
electrolytes (upto certain concentration range) as shown in Figure 4.9a, and then 
shows an abrupt increase at lowest concentration. This large deviation in the K value 
at lowest electrolyte concentration is attributed to the high mobility of comparatively 
free charges. As a result, reaches into the membrane phase easily as compared to 
higher electrolyte concentration. However, KNO3 shows deviation in the lowest 
concentration region because of the low mobility of free charges in this range as 
compared to other electrolytes. 
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 Figure 4.9a. Plots of distribution coefficient vs. – log C2 for different monovalent 
electrolytes across polystyrene- bismuth oxyiodide composite membrane. 
 
Figure 4.9b. Plots of charge effectiveness vs. – log C2 for different monovalent 
electrolytes across polystyrene- bismuth oxyiodide composite membrane. 
The charge effectiveness (q) values when plotted against –log C2 , shows a trend 
opposite to K values for various monovalent electrolyte concentrations as shown in 
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Figure 4.9b.  At higher and lower electrolyte concentrations the charge effectiveness 
decreases whereas at moderate concentration it shows a maximum value. This 
deviation in charge effectiveness values can be explained on the basis of fixed charge 
groups associated with the membrane phase. At higher or lower external electrolyte 
concentrations there is inequality in the concentration of fixed charged groups in the 
membrane phase and the counter-ion concentration of external electrolyte. As a result, 
a number of counter ions reaches into the membrane phase easily, and shows 
enhanced binding affinity for polymer fixed charge groups. Thus, the value of charge 
effectiveness goes down [12]. In contrary to the above results, in moderate 
concentration region, the concentration of fixed charged groups in the membrane 
phase and the counter-ion concentration are comparable, and thus, show maximum 
value in this region. However, KNO3 does not attain the maximum value at moderate 
concentration due to low binding affinity of ions with the fixed charge groups. 
4.3.5. Permselectivity of the composite membrane 
A cation-exchange membrane that permits only the transport of counter ions while 
blocking the co-ions is said to be perfectly permselective. Co-ion transport could 
results from either diffusive (i.e., concentration driven) transport from high to low 
concentration, or field-driven migration of co-ions, where the relative magnitude of 
each form of transport is sensitive to the concentration difference and the magnitude 
of the applied electric field [55,56]. The permselectivity ( Ps ) of a cation exchange 
membrane can be calculated from the transport number using the Eq : 
                                                           Ps  =   (t+m − t+) t−                                                (18) 
where  t+m refers to the transport number of counter-ions in the membrane phase, t+ 
and t− refers to the transport number of counter and co-ions in the solution phase 
respectively. 
From the Ps value, we can further calculate the fixed charge density of the membrane (θX) using the equation [57]:                                        
                                             1
�4ξ2+1
= 1−t−app−α
α−(2α−1)(1−t−app) ≡ Ps                                   (19) 
                                                             where  ξ =  C θX⁄  
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Figure 4.10. Schematic representation showing transport of ions across perfectly 
permselective membrane. 
 
Figure 4.11. Plots of Ps vs. log C for different monovalent electrolytes across 
polystyrene- bismuth oxyiodide composite membrane. 
A cation exchange membrane when brought in contact with unequal electrolyte 
concentrations develops a transport phenomenon exclusively via counter-ions and co-
ions are completely excluded from the membrane as depicted in Figure 4.10. This 
explanation of permselectivity has been confirmed by the different values of Ps using 
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Eq. 19. (1) If Ps  becomes equal to unity, t−app = 0  i.e no transport of co-ions, 
whereas (2) If Ps becomes zero, t−app = 1 −  α i.e anions behave as in bulk solution 
or as in a membrane having no fixed charge. 
The value of fixed charge density can be further evaluated by considering the fact 
that, when C becomes equal to θX in the above equation, then Ps  attains the value of 
1/√5 or 0.447. The value of the Ccorresponding to which Ps = 0.447 gives the values 
of fixed charge density ( θX  ). From the plots of Ps   against log C  (where C = C1 + C2 2⁄ ) as shown in Figure 4.11, the values of fixed charge density was 
calculated for various monovalent electrolytes (Table 4.4). NaCl shows the highest 
value of permselectivity as well as fixed charge density, confirming maximum 
selectivity of the membrane for Na+ ions, which is in accordance with the other 
methods described above. 
4.3.5.1. Effect of counter-ions on permselectivity 
The binding affinity of counter-ions with polymer fixed charge group shows a 
significant effect on permselectivity. Higher the binding affinity lower will be the 
permselectivity. Among the used counter-ions, K+ counter-ion shows strong 
interaction with the fixed charge group on the polymer, thereby decreasing the 
effective membrane charge density [58]. As a result, permselectivity decreases. The 
decrease in effective fixed charge density value of KCl was confirmed by various 
theoretical membrane models used in this report. Among the used electrolytes, NaCl 
shows maximum permselectivity because the Na+ counter-ion has greater tendency to 
exclude co-ions as compared to the other counter-ions, followed by K+.  
Donnan theory predicts that co-ion sorption in the membrane decreases as fixed 
charge concentration increases. Since co-ion sorption is related to co-ion transport 
[56,59], reduced fixed charge concentration in the membrane is expected to reduce 
permselectivity. Based on this theory it can be concluded that Na+ has greater 
tendency to exclude co-ions than other counter-ions and had highest permselectivity 
value. 
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4.3.5.2. Effect of co-ions on permselectivity 
The hydrated radii of co-ions play an important role in permselectivity of the 
membrane. Both the (nitrate and chloride) co-ions used in this report carry a unit 
negative charge with the basic difference in their hydrated radii. Nitrate ions has 
greater hydrated radius (335pm) as compared to chloride ions (331pm) [60]. As a 
consequence, more sorption of nitrate into the membrane took place as compared to 
chloride. This results into greater chloride exclusion because of strong interactions 
between the charge dense chloride ion and the polymer matrix of the membrane. 
Thus, chloride co-ion shows high value of permselectivity. The electrolytes follows 
the order NaCl > KCl > NaNO3 > KNO3 for permselectivity values. 
Dielectric exclusion is caused by the interactions of ions with the bound electric 
charges induced by ions at interfaces between media of different dielectric constants, 
in particular, a membrane matrix and a solvent [61]. Apart from Donnan exclusion, 
the ions can also be excluded from polymers via dielectric exclusion. This can be 
based on the fact that both the media (electrolytes dissolved in water and water-
swollen polymer) has different dielectric constants [52]. The ions prefer to partition 
into high dielectric constant media (i.e. water) compared to lower dielectric constant 
media (i.e., water-swollen polymer). Among chloride and nitrate co-ions, chloride 
may be less soluble in swollen polymer membranes, which will likely have a static 
dielectric constant lower than that of water, compared to nitrate ions. This causes 
greater dielectric exclusion of chloride co-ions from the membrane and results into 
higher permselectivity than nitrate co-ions. 
4.4. CONCLUSIONS 
A new type of composite cation exchange membrane of polystyrene-bismuth 
oxyiodide (PS-BiOI) was synthesized by dispersing inorganic BiOI in the matrix of 
PS. The membranes were broadly characterized for their physico-chemical properties. 
The XRD confirms the composite membrane to be crystalline in nature with average 
crystallite size of 31 nm. Fourier‒ transform infrared (FT‒IR) spectra shows 
intermolecular interaction peaks at different wave numbers suggesting intensive 
chemical interaction between PS and BiOI. The thermal stability was confirmed by 
TG-DTA curve. SEM images of the pure BiOI and composite shows the surface 
morphology with porous structure. The composite membrane immersed in 1M NaCl 
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solution shows high water uptake because of small ionic radius of Na+ ion as 
compared to 1M KCl solution. The membrane is considered as charged pore model 
with uniformly distributed surface charge density in contact with different monovalent 
unequal electrolyte bulk concentrations (in the range 1M–0.0001 M) in both sides of 
the membrane. The membrane potential followed the trend NaCl > KCl > NaNO3 > 
KNO3 attributed to the different sizes of electrolytes. The Cl‒ ion with higher mobility 
ratio and small size shows greater value of membrane potential as compared to 
NO3‒ ion because of its large size and strong interaction with the membrane matrix. 
Thus it can be concluded that for anions, differences found are according to the size, 
mobility ratio and strength of interaction with the membrane matrix. The potential 
shows positive values with the decrease in electrolyte concentrations confirming the 
membrane to be cation selective. The fixed charge density of the membrane was 
evaluated and compared using various theoretical models: (a) Nagasawa, (b) 
Kobatake and (c) Teorell, Meyer and Sievers. Na+ ion shows highest value of fixed 
charge density in all the methods as the Donnan exclusion is highest for the 
electrolyte of smaller cation size. TMS theory was further extended to calculate the 
distribution coefficient, charge effectiveness and ions concentration in the membrane 
phase. Among the used counter-ions, K+ shows low value of permselectivity because 
of its strong binding affinity for the polymer fixed charge groups than that of Na+ 
counter-ion. The higher binding affinity reduces the fixed charge density of the 
membrane, thereby showing reduction in Donnan exclusion and decrease in 
permselectivity. For co-ions, the value depends on hydrated radii. (NO3‒) with higher 
hydrated radii and lower charge density also tended to result in low membrane 
permselectivity. Dielectric exclusion of co‒ions is another factor responsible for the 
values of permselectivity. Among Cl‒ and NO3‒ co-ions, chloride may be less soluble 
in swollen polymer membranes, which will likely have a static dielectric constant 
lower than that of water, compared to nitrate ions. This causes greater dielectric 
exclusion of chloride co-ions from the membrane and results into higher 
permselectivity than nitrate co-ions. Thus, the Donnan membrane equilibrium process 
can be used for the removal of undesirable ions from the waste water. These 
membranes can differentiate cations and anions, and have a higher transport number 
of counter-ions, and thus, may be used as a suitable candidate in electromembrane 
processes. 
138 
 
REFERENCES 
[1]  K. Ren, K. Zhang, J. Liu, H. Luo, Y. Huang, X. Yu, Cryst Eng Comm. 14 
(2012) 4384-4390. 
[2]  Q-C Liu, D-K Ma, Y-Y Hu, Y-W Zeng, S-M Huang, Appl. Mater. Interfaces 5 
(2013) 11927-11934. 
[3]  R. K. Nagarale, G. S. Gohil, V. K. Shahi, Adv. in Colloid and Interface Sci. 119 
(2006) 97- 130. 
[4]  M. Seno, M. I. Takag, K. Takeda, M. T. Teramoto, editors, Handbook of 
separation science. Tokyo, Japan’ Kyoritsu Shuppan Co; (1993). 
[5]  T. C. Haung, J. K. Wang, Eng Ind Chem Res, 32 (1993) 133. 
[6]  O. Kedem, L. Bromberg, J. Membr. Sci. 78 (1993) 255. 
[7]  R. Takagi, M. Hori, K. Gotoh, M. Tagawa, M. Nakagaki, J. Membr. Sci.170 
(2000) 19-25. 
[8]  M. Higa, A. Tanioka, K. Miyasaka, J. Membr. Sci. 64 (1991) 255. 
[9]  V. M. Barragán, M. J. Pérez-Haro, Electrochim.  Acta 56 (2011) 8630- 8637. 
[10]   H. Matsumoto, R. Yamamoto, A. Tanioka, J. Phys. Chem. B 109 (2005) 14130. 
[11]  T. J. Chou, A. Tanioka, J. Phys. Chem. B 102 (1998) 7198. 
[12]  S. Imteyaz, Rafiuddin, RSC Adv. 5 (2015) 96008-96018. 
[13]  C. Sanchez, B. Julian, P. Belleville, M. Popall, J. Mater. Chem. 15 (2005) 3559-
3592. 
[14]  M. Tasaka, N. Aoki, Y. Kondo, M. Nagasawa, J. Phys. Chem. 79 (1975) 1307. 
[15]  M. Nagasawa, Y. Kobatake, J. Phys. Chem. 56 (1952) 1017-1024. 
[16]  Y. Kobatake, T. Nariabi, F. Hiroski, J. Phys. Chem. 69 (1965) 3981. 
[17]  N. Karno, Y. Toyoshima, Y. Kobatake, Kolloid-Z, Z-Polym. 249 (1971) 1061. 
[18]  N. Name, Y. Toyoshima, H. NazakiY. Kobat, ake, Kofloid-Z, Z-Polym. 248 
(1971) 914. 
[19]  Y. Toyoshima, M. Yussa, Y. Kobatake, H. Fujite, Trans. Faraday Soc. 63 (1967) 
2803-2814. 
[20]  M. Yussa, Y. Kobatake, H. Fujita, J. Phys. Chem. 72 (1968) 2871. 
[21]  N. Kamd, M. Ockawa, Y. Kobatake, J. Phys. Chem. 77 (1973) 92. 
[22]  T. Teorell, Discuss. Faraday Soc. 1956. 
[23]  K. H. Sievers, J. F. Sievers, Helv. Chim. Acta 19 (1936) 649- 664, 665-677 987-
995. 
139 
 
[24]  J. Schaep, C. Vandecasteele, J. Membr. Sci. 188 (2001) 129-136. 
[25]  K. H. Reddy, S. Martha, K. M. Parida, Inorg. Chem. 52 (2013) 6390-6401. 
[26]  Y. –R. Jiang,   S. –Y. Chou, J. –L. Chang, S. –T. Huang, H –P. Lina, C. –C. 
Chen, RSC Adv. 5 (2015) 30851-30860. 
[27]  W. W. Lee, C. –S. Lu, C. –W. Chuang, Y. –J. Chen, J. –Y. Fu, C. –W. Siao, C. 
–C. Chen, RSC Adv. 5 (2015) 23450-23463. 
[28]  X. Xiao, R. Hao, M. Liang, X. Zuo, J. Nan, L. Li, W. Zhang, J. of Hazard. 
Mater. 233 (2012) 122-130.   
[29]  F. Jabeen, Rafiuddin, J. Porous Mater. 16 (2009) 257. 
[30]  T. Arfin, Rafiuddin, Electrochim. Acta 56 (2011) 7476-7483. 
[31]  J. Crank, G. S. Park, Diffusion in Polymers; Academic Press: London, (1975). 
[32]  P. Meares, Philos. Trans. R. Soc. London, B 278 (1977) 113. 
[33]  A. H. Muhr, J. M. V. Blanshard, Polymer 23 (1982) 1012. 
[34]  H. Liu, W-R Cao, Y. Su, Z. Chen, Y. Wang, Journal of Colloid and Interface 
Sci. 98 (2013) 161-167. 
[35]  A. C. Mera, Y. Moreno, J-Y Pivan, O. Pe˜na, H. D. Mansilla, Journal of 
Photochemistry and Photobiology A: Chemistry 289 (2014) 7-13. 
[36]  P. K. Sahoo, B. Panigrahy, S. Sahoo, A. K. Satpati, D. Li, D. Bahadur, 
Biosensors and Bioelectronics 43 (2013) 293-296. 
[37]  V. G. Ponomareva, B. V. Merinov, V. V. Dolbinina, Solid State Ionics 145 
(2001) 205-210. 
[38]  N. F. Uvarov, L. I. Brezhneva, E. F. Hairetdinov, Solid State Ionics 136-137 
(2000) 1273-1277. 
[39]  A. Randová, S. Hovorka, P. Izák, L. Bartovská, J. Electroanal. Chem. 616 
(2008) 117. 
[40]  T. Arfin, A. Falch, R. J. Kriek, Phys. Chem. Chem. Phys. 14 (2012) 16760-
16769. 
[41]  T. Teorell, P. Natl. Acad. Sci. U.S.A. 21 (15) (1935) 152-161. 
[42]  K. H. Sievers, J. F. Sievers, Helv. Chim. Acta 19 (1936) 649-664, 665-677, 987-
995. 
[43]  J. M. M. Peeters, J. P. Boom, M. H. V. Mulder, H. Strathmann, J. Membr. Sci. 
145 (1998) 199-209. 
[44]  M. S. Hall, V. M. Starov, D. R. Lloyd, J. Membr. Sci. 128 (1997) 23-37. 
140 
 
[45]  J. Schaep, Nanofiltration for the removal of ionic components from water, Ph.D. 
Thesis, Katholieke Universiteit Leuven, Heverlee, Belgium, (1999). 
[46]  T. Arfin, Rafiuddin, Electrochim. Acta 54 (2009) 6928-6934. 
[47]  H. T. Tien, H. P. Ting, J. Colloid Interface Sci. 27 (1968) 702. 
[48]  C. Klaysom, R. Marschall, L. Wang, B. P. Ladewig, G. Q. M. Lu, J. Mater. 
Chem. 20 (2010) 4669-4674. 
[49]  N. Laksminarayanahia, Transport Phenomena in Membranes, Academic Press, 
New York, (1969). 
[50]  M. Aizawa, S. Tomoto, S. Suzuki, J. Membr. Sci. 6 (1980) 235. 
[51]  J. Benavente, A. Canas, J. Membr. Sci. 156 (1999) 241-250. 
[52]  H. Matsumoto, A. Tanioka, T. Murata, M. Higa, K. Horiuchi, J. Phys. Chem. B 
102 (1998) 5011-5016. 
[53]  V. Sasidhar, E. Ruckenstein, J. Colloid Interface Sci. 85 (2) (1982) 332-362. 
[54]  W. J. Shang, X. L. Wang, Y. X. Yu, J. Membr. Sci. 285 (2006) 362-375. 
[55]  G. M. Geise, H. J. Cassady, D. R. Paul, B. E. Logan, M. A. Hickner, Phys. 
Chem. Chem. Phys. 16 (2014) 21673. 
[56]  F. Helfferich, Ion exchange, Dover Publications, New York, (1995). 
[57]  Y. Kobatake, N. Takeguchi, Y. Toyoshima, H. Fujita, J. Phys. Chem. 69 (1965) 
3981-3988. 
[58]  O. D. Bonner, J. Phys. Chem. 58 (1954) 318-320. 
[59]  G. M. Geise, D. R. Paul, B. D. Freeman, Prog. Polym. Sci. 39 (2014) 1-42. 
[60]  E. R. Nightingale, J. Phys. Chem. 63 (1959) 1381-1387. 
[61]  A. E. Yaroshchuk, Advances in Colloid and Interface Sci. 85 (2000) 193-230. 
 
 
 
 
 
 
 
 
 
141 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
142 
 
  
 
 
 
 
 
Chapter-5 
Synthesis of phosphonated poly(vinyl 
alcohol) based composite 
membrane: Effects of counter and 
co-ions on its electrochemical 
properties for separation 
applications 
 
 
 
 
 
143 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
144 
 
5.1. INTRODUCTION 
In recent past, composite membranes have drawn more interest in the arena of ion-
exchange membrane for electrochemical separation and energy technologies [1-4] due 
to their energy saving and eco-friendly nature [5-7].  
Poly(vinyl alcohol) membranes have applications mainly in the field of pervaporation 
[8], but its swelling in aqueous solution is a major concern [9,10]. However, the use 
of acidic and basic polymer blend membranes can improve its property, and in this 
context, phosphonation of the membrane has shown positive effects on 
electrochemical and transport properties of the membrane [11-15]. Improved thermal 
properties of PVA can be achieved with addition of small amount of a mineral acid, 
preferably phosphoric acid [16].  
Though, PVA has excellent biocompatibility, chemical resistance and gas barrier 
properties but the poor mechanical integrity and low water retention behavior forced 
the incorporation of inorganic fillers [17,18]. The inorganic fillers increases various 
properties of the polymer due to their reinforcement effect when they are well-
dispersed [19-22] as they provide additional pathways for transport by promoting 
protonation-deprotonation [23]. Nowadays, metal phosphates serve as a promising 
candidate for fillers [24]. Thus, phosphonated PVA-inorganic composite ion-
exchange membranes attracted our attention as they show good thermal stability, easy 
film formation [25], controllable electrochemical properties, and has C-OH groups 
attached to its chain that can be easily modified for diverse applications [26-28,29]. 
Composite membranes also have applications in area of material science [30-33], 
heterogeneous catalysis [34,35], separation science, and fuel cells [36-39]. 
Separation membranes are indispensable part of our daily life due to their diversify 
applications in food and pharmaceuticals industries, in valuable metal recovery, and 
in cleaning of seawater for potable use. The charges on membrane and sieving effect 
determine the membrane separation efficiency [40,41]. The electrolytic ions interact 
with the charges on membrane and gets partitionesd into the membrane [40]. Thus, 
the knowledge of interfacial properties is important to better understand the 
membrane separation efficiency. 
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Hence, in present work, we have done phosphonation and added inorganic filler to 
synthesize a composite ion-exchange (pPVA/ZIP) membrane, with focus mainly on 
the strategy to obtain good physical properties, high permselectivity and 
electrochemical properties. The study of membrane potential, transport property and 
mobility ratio in different electrolyte solutions (NaCl, KCl, NaHCO3, KHCO3), are 
some of the properties which explains the membrane high selectivity towards 
particular ionic species. These ionic transport results from the Donnan membrane 
principle from the fixed negatively charged functional groups of polymeric cation- 
exchanger. A comparative study on membrane fixed charge density was made by 
Nagasawa [42,43], Kobatake [44-46], and Teorell, Meyer, Sievers [47,48] to elucidate 
the phenomena for passive transport. Membrane permselectivity was also studied 
under the influence of binding affinity, hydrated radii, and dielectric exclusion of 
counter and co-ions. The membrane was found to have a good tendency for counter 
and co-ion discrimination, and hence capable of proposing its applicability in several 
separation and energy technologies. 
5.2. EXPERIMENTAL SECTION 
5.2.1. Reagents and chemicals 
Zirconyl chloride (Otto Kemi, 99%), potassium iodate (CDH, 99.9%) are the main 
reagents used during synthesis. Aqueous solution of orthophosphoric acid (Fischer 
scientific) was used as an active group source. Poly(vinyl alcohol) (Otto Kemi) was 
used as membrane matrix, and formaldehyde (Qualigens) was used as a cross linking 
agent. All the experiments were performed using double distilled water. 
5.2.2. Preparation of Zirconium iodophosphate (ZIP) 
0.1 M zirconyl chloride solution was prepared in 1M HCl, while 0.1 M ortho-
phosphoric acid, and 0.1 M potassium iodate solutions were prepared in double 
distilled water. The inorganic precipitate was obtained by gradually adding solution of 
ortho-phosphoric acid into a mixture of potassium iodate and zirconyl chloride in the 
volume ratio of 2:1:1 respectively and was stirred for 3 h at 25 °C to obtain thick 
white slurry at pH 3. The precipitate was allowed to settle overnight and was collected 
by filtration. To remove excess acid, the precipitate was rinsed till the washed water 
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became neutral and was finally left for drying at room temperature. The solidified 
sample was then ground and sieved to have 75 μm particles size. 
5.2.3. Phosphonation step and membrane preparation 
A homogeneous solution of 5 wt% of poly(vinyl alcohol) (PVA) was made in double 
distilled water for 1 h stirring at 50 °C. Hot solution was then filtered and to the 
filtrate, 0.1M orthophosphoric acid was added (10-50%, v/v) as active group source 
for the phosphonation (functionalization) route. The solution was mixed properly with 
magnetic stirrer for 2 h at room temperature and casted on to petri dishes for 
phosphonated PVA (pPVA) membranes. 
The required amount of ZIP was then dispersed to pPVA solution to form pPVA/ZIP 
blend with a share of 10-40 wt% ZIP, and was stirred thoroughly for about 3 h at 
room temperature to obtain homogeneous distribution of additives. The resulting 
homogeneous solutions were cast onto flat Petri dishes to obtain almost uniform 
membrane thickness. As membrane thickness depends on the volume of dispersion 
used and the particle concentration, so, these things must be taken into consideration 
while casting membranes. Completely dried (at 80 °C, 24 h) membranes with 80-100 
µm were subsequently peeled-off from the petri dishes. Attempts to prepare 
membranes with higher ZIP content were not successful as the additive content 
become too high with respect to the PVA and good membranes were not obtained. 
The schematic reaction route for composite membrane (pPVA/ZIP) preparation is 
given in Figure 5.1. The properties of PVA changes drastically when annealed at 
different temperatures. Swelling and mechanical properties, permeability, 
permselectivity, crystallinity, and separation characteristics all changes on annealing 
[49-51]. Structural morphology is a fundamental parameter for separation efficiency 
of the membranes and annealing seems to have direct control on this parameter [52]. 
So, annealing effect must be taken into consideration while preparing PVA 
membranes.
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Figure 5.1. Schematic reaction route for the synthesis of pPVA/ZIP composite 
membrane. 
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5.2.4. Water uptake and swelling property of pPVA membrane  
For water uptake measurements, firstly, the membranes were soaked in double 
distilled water (conductivity 1µS/cm) at room temperature for 12 h. The membrane 
was blotted to remove excess moisture attached to surfaces and weighed  (WW) . 
Secondly, the membranes were dried at 60 ℃ and weighed again (WD).  
                                  Water uptake (%) = �WW−WD
WD
� × 100                                               (1) 
The process was repeated by changing membranes to reduce error and the average 
value was taken into consideration. 
                                     Swelling ratio % = �AW−AD
AD
� × 100                                               (2) 
where AW and AD are wet and dry area of membranes respectively. 
5.2.5. Characterization of the membrane 
The functional groups on the films and effect of additive to the polymer matrix were 
examined by Fourier transform infrared spectrophotometer (“PerkinElmer spectrum 
version 10.03.09”). X-ray diffraction measurement was done by Rigaku (miniflex, 40 
kV, 30 mA, Cu-Kα, λ=1.5406 °A), with scanning speed of 6° min-1. The degradation 
process for membranes was investigated on Mettler Toledo under inert atmosphere 
from 25-700 °C. Plot of weight loss versus temperature gives membrane degradation 
behavior. JEOL JSM-6510 LV, operated at 15 kV was used to obtain the scanning 
electron micrographs of the membranes. 
5.2.6. Electrochemical studies  
For experiment, the membrane sample (effective area of 4.71cm2) was placed 
vertically between a two compartment glass chambers. These glass compartments 
were then filled with 1M-10-4M electrolyte solutions in 8 series for NaCl, KCl, 
NaHCO3, and KHCO3 salts separately. Saturated calomel electrode was used as a 
reference electrode and the electrode potential was recorded by a digital potentiometer 
(Electronics India-118) as shown in Figure 5.2. Prior to measurements, the membrane 
was soaked in double distilled water for 24 h to attain hydration equilibrium. In dilute 
solutions, the activity coefficients were negligible [53]. To reduce boundary layer 
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effect at the membrane surface, magnetic stirring was done in both glass chambers. 
The experimental potential, Ѱex, was calculated by taking the average of measured 
potential values (repeated 3 times). Membrane potential, Ѱm, is given as:                            
                                                    Ѱm =  Ѱex −  Ѱoffset                                               (3) 
where Ѱoffset is the offset potential which arises due to difference between electrodes.  
 
                                   HIGH ELECTROLYTE                        LOW ELECTROLYTE 
                                                   CONC. (C2)                     >                   CONC. (C1) 
                       Electrode    
                             
 
 
 
 
 
Figure 5.2. Schematic experimental set for the determination of membrane potential 
and membrane permselectivity. 
5.3. RESULTS AND DISCUSSION 
5.3.1. Degree of phosphonation and additive values 
Extent of phosphonation on membrane was observed by adding acid in different 
ratios. The membrane with 20 % functionalization shows best result in terms of water 
uptake capacity and swelling ratio as shown in Figure 5.3. 
Membrane 
Potentiometer 
Magnetic bar 
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 Figure 5.3. Change of water uptake and swelling ratio with functionalization degree. 
5.3.1.1. Water uptake capacity and swelling ratio of pPVA membrane 
Water uptake capacity of the membrane increases upto 20 % of functionalization and 
decreases after further increase in amount of functionalization. This deviation in 
membrane property after certain limit can be well predicted as a result of two 
consequences: 
(1) Reduction of OH- groups in the polymer chain with increase in amount of 
phosphoric acid. (2) Cross linking between formaldehyde and acidic groups of the 
polymer chain results in reduction of available vacant spaces in membrane matrix for 
penetration of water molecules [25]. This prediction of crosslinking was well 
supported from the FT-IR spectrum. 
Swelling ratio of the membrane also follows the same trend as shown by water uptake 
capacity. The membrane shows increment upto 20 % functionalization and then 
decreases as it becomes hydrophobic above this functionalization limit. Water 
sorption in membrane affects the pore size and channel formation of the membrane 
[54]. 
Thus, membrane with 20 % acid and 25 % of ZIP additive was further used for 
characterization experiments, as it shows good results. For this composition value, the 
membrane was coded as pPVA/ZIP. Addition of additives to higher level results in 
the formation of unstable membranes. Thus, the selection of optimum quantity is of 
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immense importance for membrane fabrication. The loading of more inorganic part 
results in more cluster formation. So they start to hinder the charge groups of the 
polymer chain, thereby decreasing the performance of membrane. 
5.3.2. Membrane characterization 
To ensure successful composite formation, FT-IR spectra of pPVA and pPVA/ZIP 
membranes were obtained (Figure 5.4). In pPVA spectrum, 1730 and 1600 cm-1 
wavelengths were assigned to the organic structure of PVA, while the peaks around 
1500-1400 cm-1 is for -CH3 and -CH2 bending respectively [55]. The strong peaks 
around 1210-900 cm-1 corresponds to H2PO4- and HPO42- groups [56], whereas at 
1080 cm-1 wave length was the characteristic phosphonation peak. The several strong 
bands between 1286-1040 cm-1 attributes to C-O stretching on PVA backbone 
[27,57,58].  
 
Figure 5.4. FT-IR spectra for pPVA and pPVA/ZIP composite membrane. 
However, in pPVA/ZIP, the appearance of more small bands adjoining to 800-500 
cm-1 corresponds to IO3- group and metal oxide bond in the composite membrane 
[59,60]. Because of overlapping peaks of phosphonation, formaldehyde and additives, 
the spectrum of pPVA/ZIP shows stretch at wavenumber 900-850 cm-1[25]. The 
decrease in intensities of some characteristic vibration bands (1040, 961, 652 cm-1): 
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evident more amorphicity in the composite membrane [57]. Moreover, TGA and DSC 
curves were also used to confirm the success of composite formation. 
The XRD profiles for the membrane with and without additive were shown in Figure 
5.5. The spectrum of pPVA confirms it to be crystalline in nature. However, there is 
shifting in the peak of pPVA mainly because of phosphonation as compared to pure 
PVA peak at 2θ =20° which corresponds to (1 0 1) plane of PVA [61]. pPVA/ZIP 
(composite membrane) shows the disappearance of the peak which may be due to 
disorder such as exfoliation. The emergence of less intensity peaks shifted to lower 2θ 
values in the composite membrane suggests intercalation [62]. These observations 
confirm the addition of amorphous character into the composite membrane which was 
also confirmed by DSC curve. Thus, it can be concluded that the changes in the XRD 
patterns clearly shows homogeneity between polymer and inorganic material. 
 
Figure 5.5. X-Ray diffraction patterns for pPVA and pPVA/ZIP composite 
membrane. 
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 Figure 5.6. (a) TGA (b) DSC curves for pPVA and pPVA/ZIP composite membrane. 
The TGA and DSC thermograms of pPVA and pPVA/ZIP were shown in Figure 5.6. 
From TGA curves, three weight loss stages could be observed. First loss took place 
about 160 °C, because of removal of structural water from ZIP, organic solvents and 
absorbed moisture. The second loss around 250-300 °C can be ascribed to poly(vinyl 
alcohol) degradation, and the third loss about 350-500 °C is due to the decomposition 
of acidic group to metal oxide [55]. The curve clearly shows that the degradation at 
first stage is accelerated by the incorporation of ZIP in pPVA and degradation of 
pPVA/ZIP takes place at lower temperature than pPVA. It can be attributed to the 
perturbation effect of ZIP on polymer structure. This perturbation reduces the 
interaction and thus, stability between polymer chains and results in degradation of 
pPVA/ZIP at lower temperature [63]. However, on increasing temperature to 250 °C, 
the composite membrane shows enhanced thermal stability; proving its stability at 
higher temperature. 
The DSC curve shows a glass transition temperature (Tg) around 50 °C for pPVA. 
Glass transition behavior is directly related to the segmental mobility in polymeric 
materials. It is expected that the presence of interfaces due to polymer-filler 
interactions may lead to changes in segmental mobility of polymer [64,65]. On adding 
ZIP as additive, Tg value of the composite decreases due to increased segmental 
mobility of polymer chains. It has been reported that the incorporation of fillers leads 
to an acceleration of segmental mobility and Tg depression [66]. This result is in 
accordance with the degradation TGA curve of pPVA/ZIP at lower temperature. 
Furthermore, the melting point (Tm) endothermic peak at 198 °C for pPVA gets 
reduced on incorporating ZIP, because of additive and polymer interaction. As a 
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consequence of this interaction, small amount of amorphicity gets added to the 
composite membrane [55]. 
  
Figure 5.7. Scanning electron micrographs for (a) pPVA and (b) pPVA/ZIP 
composite membrane. 
To have channel formation effect, Figure 5.7 compares the morphology of pPVA and 
pPVA/ZIP membranes. The pPVA membrane is compact with uniformly smooth 
surface whereas pPVA/ZIP composite membrane has penetrating pores with loose 
array of grains. These pores act as channels for transferring ions and promote 
electrolyte diffusion. The composite membrane shows homogeneously embedded ZIP 
addition. The ZIP aggregates or chunks being blend into the polymer matrix. Further, 
the surface morphology affirms the homogeneity and porous nature of the composite 
membrane. 
5.3.3. Electrochemical properties 
5.3.3.1. Membrane potential 
It is a potential difference generated across a charged membrane due to unequal 
electrolytic concentration that give rise to the distribution of electric charge through 
the membrane. Either dissociation of functional groups [67,68] or entrance of ions 
from solution to membrane pores are responsible for electric charge generation [69]. 
Teorell, Meyer and Sievers gave a mathematical equation for membrane potential, 
Ѱm.                       
                                                    Ѱm =  ѰDonL +  Ѱdif + ѰDonR                                    (4) 
a b 
where Ѱdif is the diffusion potential across the membrane, ѰDon
L  and ѰDon
R  are the left 
and right side Donnan potentials of the membrane. 
The charges on membrane give Donnan potential whereas the differences in 
mobilities of ion give diffusion potential across the membrane. In Donnan potential, 
counter and co-ions arrange themselves to form layer at the membrane surface and 
adjacent solution interfaces [70], whereas in diffusion potential, the fast moving ions 
diffuses more rapidly from higher concentration to lower concentration leaving 
behind the slow moving ions to establish an equilibrium condition. This separation of 
charge would result in membrane potential. Figure 5.8a shows the plot of membrane 
potential vs. -log C2  for NaCl, KCl, NaHCO3, and KHCO3 salts with varying 
concentrations.  
 
Figure 5.8a. Plots of membrane potential vs.– log C2 for different electrolytes with 
varying concentrations (1M-10-4M) across pPVA/ZIP composite membrane. 
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Table 5.1. Observed membrane potential (Ѱm ) across pPVA/ZIP composite 
membrane in contact with different monovalent electrolyte solutions at various 
concentrations. 
  Electrolyte conc.                      Observed membrane potentials (mV) 
       C2/C1 (mol/l)          KHCO3         NaHCO3        KCl           NaCl          
       1/0.1                         14.9               17.1               19.6            22.7 
       0.5/0.05                    22.7               26.3               27.5            30.2 
       0.2/0.02                    27.6               30.4               31.7            34.8 
       0.1/0.01                    29.5               33.7               34.1            36.3 
       0.05/0.005                35.3               39.9               41.6            44.1 
       0.02/0.002                39.2               42.8               44.3            47.1 
       0.01/0.001                42.8               45.2               46.7            48.3 
       0.001/0.0001            49.7               52.5               53.9            56.4 
 
 
Figure 5.8b. Plots of membrane potential vs. – log C2 with varying concentrations 
(1M-10-4M) for NaCl at 15%, 20% and 25% functionalization degree across 
pPVA/ZIP composite membrane. 
The potential values (Table 5.1) follow the order NaCl > KCl > NaHCO3 > KHCO3 
and are inversely proportional to electrolytic concentrations. 
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Under the concept of electrical double layer formation for attaining equilibrium 
[71,72] the effect of electrolyte concentration can be explained as: When we increase 
electrolyte concentration, thickness of the electrical double layer decreases [73] which 
in turn reduces the co-ion exclusion. Thus, the value of membrane potential at higher 
electrolyte concentration decreases. 
Membrane potential plot were also plotted for membranes with 15%, 20%, and 25% 
functionalization (Figure 5.8b) in NaCl solutions confirm that the 20% 
functionalization degree is best for separation performance. 
5.3.3.2. Transport number and mobility ratio 
Transport number (Figure 5.9a) was calculated as follows: 
                                                  Ѱm  =   RTF  �t+ −  t_� ln a2a1                                         (5) 
where R , F , and T  have their usual meanings, and a1  and a2  are the mean ionic 
activities of electrolytic solutions. Ion-exchange membrane consists of cross-linked 
polymer network structure combined with many ion-exchange groups. The membrane 
exhibits gelling state in electrolyte solutions due to water absorption. The ion-
exchange groups are charged and absorb counter-ions respectively. Based on these 
experimental observations, the ionic mobility in the membrane is estimated to be 
decreased due to steric hindrance in the pore. Furthermore, the acid groups attached to 
the membrane exert an electrical attractive force to counter-ions and an electrical 
repulsive force to co-ions. 
As already discussed that different ionic mobilities gives diffusion potential, and for 
slightly charged membranes, diffusion potential is mainly responsible for membrane 
potential. 
Mobility ratio (Figure 5.9b) is given as [74,75]: 
                                                       Ѱm ≈  Ѱdif = RTF  � t+|Z+| −  t−|Z−|� ln a2a1                                (6) 
                                                           U = � t+|Z+| −  t−|Z−|�        (7) 
                                                                   ω� = t+
t−
                                                        (8) 
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where ω�  is mobility ratio, and Z+ , Z− , t+ , and t−  are the valences and transport 
numbers of cation and anion respectively, U is a collective ionic transport number. 
Membrane used in this report shows transport value upto 0.97 whereas an ideal 
selective membrane has 1.0 value. It was concluded from the data that values of both 
the parameters increases with dilution and shows highest selectivity for Na+ ions. 
 
Figure 5.9a. Plots of transport number vs. – log C2 for different electrolytes with 
varying concentrations (1M-10-4M) across pPVA/ZIP composite membrane. 
Transport number for sodium chloride with membranes at 15%, 20%, and 25% were 
also plotted (Figure 5.9c) where 25% functionalization shows minimum value. This 
decline in transport number is due to decrease in number of available fixed charge 
groups associated with the membrane matrix. Thus, membrane with 20% 
functionalization shows best separation performance. The transport numbers of Na, K, 
Mg, and Ca for a mixture of chloride salts of 0.01 eq/L of each were also reported in 
Table 5.2 for membrane at the optimal functionalization degree to know the 
differentiation of transport numbers. Among these mixtures NaCl shows maximum 
value. 
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 Figure 5.9b. Plots of mobility ratio vs. – log C2 for different electrolytes with varying 
concentrations (1M-10-4M) across pPVA/ZIP composite membrane. 
 
Figure 5.9c. Plots of transport number vs. – log C2 with varying concentrations (1M-
10-4M) for NaCl at 15%, 20% and 25% functionalization degree across pPVA/ZIP 
composite membrane. 
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Table 5.2. Observed transport numbers of Na, K, Mg, and Ca for a mixture of 
chloride salts of 0.01 eq/L of each with the composite membrane at 20% 
functionalization degree. 
   CaCl2                       MgCl2                    KCl                NaCl      
0.8656                        0.8834                     0.8961             0.9097 
Aizawa et al. [76] gave an equation to calculate the transport number of cations in 
membrane phase (t+m ) by proposing a relation between Ѱm and 1C1. 
                        Ѱm  =   RTF  �(2t+m  − 1) lnγ +  2(γ−1)γ  (1 − t+m) t+m  θXC1�               (9) 
The values of t+m  (intercept) and θX (slope) calculated using Eq. 9 follows the order 
NaCl > KCl > NaHCO3 > KHCO3 (Table 5.3). The membrane shows more 
selectivity for Na+. The membrane selectivity decreases in accordance with the 
Donnan exclusion of ions. 
Table 5.3. Calculated values of the parameters t+m , θX, α and β of pPVA/ZIP 
composite membrane in contact with different monovalent electrolytes. 
Electrolytes    KHCO3         NaHCO3        KCl                NaCl              
      t+m              0.7499            0.7785             0.7907          0.8127                   θX        0.0253×10-2       0.0267×10-2       0.0277×10-2    0.0299×10-2                  α                0.7669            0.7965             0.8079           0.8176       β                1.5032            1.3798             1.3418          1.2728                                                                                                                                          
5.3.4. Determination of fixed charge density 
Nagasawa et. al formulated a relation (Eq. 10) for charged membrane when separated 
by unequal electrolyte concentrations. From Ѱm vs. 
1
C1
, value of fixed charge density 
for membrane (θX) was derived (Table 5.4). 
                                                     −Ѱm = RT F  � γγ−1�  �θX2 �  1C1                                   (10) 
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Table 5.4. Comparison of calculated values of the effective fixed charge density of 
pPVA/ZIP composite membrane in contact with different monovalent electrolyte 
systems by various theoretical methods. 
Kobatake et. al formulated another 2 limiting relations for charged membrane by 
taking into account the following assumptions: (i) concentration of mass movement to 
be negligible (ii) non-ideal behavior of small ions [77]. 
The limiting relations of Kobatake are: 
1- When C1 becomes sufficiently small with fixed γ value (10):  
                                     Ѱm =  RTF  �1β  lnγ − �γ−1αβγ� �1 +  1β −  2α� C1θX�                  (11)                               
where β is adsorption influence and α is ionic selectivity of membrane, and all other 
symbols have their usual meaning. With the relation between graph of  Ѱm  vs. C1, the 
fixed charge density (θX) value can be evaluated along with  intercept (β) and slope (α) values (Table 5.3) respectively. 
2- When C1 has higher concentration with fixed γ (10) value: 
                                                1
t−app
 =  1
1−α
  +  α (γ−1)(1−α) γ lnγ  �θXC1�                                 (12) 
where t−app  is the apparent transport number and was calculated using Nernst 
relation: 
                                                  Ѱm  =   RTF  �1 − 2t_app� ln C2C1                                  (13) 
Fixed charge density value (Table 5.4) was calculated from plot of 1
t−app
 against 1
C1
. 
Electrolytes          TMS                   Kobatake                      Nagasawa             From Ps 
                                                      Low             High  
KHCO3         0.17×10-1          0.95×10-2       0.06×10-2          0.014×10-2         0.17×10-2        
NaHCO3       0.40×10-1          0.96×10-2      0.08×10-2           0.014×10-2         0.22×10-2         
KCl               0.55×10-1           0.99×10-2       0.11×10-2          0.014×10-2              0.28×10-2        
NaCl             0.99×10-1          1.23×10-2       0.41×10-2            0.015×10-2        0.39×10-2  
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Teorell, Meyer and Sievers also gave a relation for charged membrane to discuss ionic 
processes in the membrane phase. 
                         Ѱm  = 59.2 � log C2�4C12+X�2 +X�
C1�4C2
2+X�2+X�
 + U� log �4C22+X�2+X�U�
�4C1
2+X�2
 
+X�U�
�                   (14) 
                                                                   U� =  �u�− v�
u�+ v��                                              (15) 
where u�  and v� are the cation and anion mobilities (m2v-1s-1) respectively, X� is fixed 
charge density of the membrane (eq/l). The solid line in Figure 5.10 show curves of 
theoretical membrane potential for an electrolyte with different mobility ratio at 
constant X�  value, whereas the dotted line show the experimental result of the 
electrolyte. We have depicted NaCl for the experimental curve as it shows highest 
value of membrane potential. The experimental potential curve was shifted 
horizontally and ran parallel to one of the theoretical potential curves. This shift gives X� value (Table 5.4) for different electrolytes in the order NaCl > KCl > NaHCO3 > 
KHCO3 confirming the effect of membrane potential on fixed charge density. 
The differences and deviations in X� value account to the shortcomings in postulates of 
above models which are as follows: 
(a) Homogeneous distribution of fixed charge groups [78]. 
(b) Constant ionic mobilities in water and membrane phase. 
Thus, these deviations must be taken into consideration while discussing the 
postulates. 
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 Figure 5.10. Plot of membrane potential vs. – log C2 with varying concentrations 
(1M-10-4M) for pPVA/ZIP composite membrane by TMS method. Each smooth 
curves are theoretical membrane potentials at constant X�=1 value with different 
mobility ratio (m.r). The broken line depicts the experimental membrane potentials 
for NaCl. 
5.3.5. Membrane permselectivity 
Permselectivity is a tendency of membrane to discriminate between counter and co-
ions based on the amount and type of charge, the membrane matrix carries. A 
completely cation permselective membrane allows only the cations to pass through it 
and restricts the anions. Permselectivity ( Ps ) was calculated using Eq: 
                                                           Ps  =   (t+m − t+) t−                                                (16) 
where t+m is the cation transport number in membrane phase. From Eq. 16, if t+m = 
1 then there will be complete cation transfer, and if t+m  = t+  then no transfer of 
cations took place through the membrane [79,80]. 
                                                                    where  ξ =  C θX⁄  
The membrane fixed charge density was calculated using relation:                                     
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                                                     1
�4ξ2+1
= 1−t−app−α
α−(2α−1)(1−t−app) ≡ Ps                            (17) 
where θX  is the fixed charge density associated with the membrane to assist the 
transport mechanism of membrane. θX  depends on electrolyte type and its 
concentration. 
The concept of permselectivity was confirmed by putting different values of Ps in Eq. 
17. (1) If Ps  is 1, then t−app  becomes zero and then counter-ions will be wholly 
responsible for transport. (2) On putting Ps as zero, t−appwill become equal to1 −  α, 
the co-ions then show similar behavior of transport in both membrane and solution 
phase. 
The value of θX was further evaluated in the view of facts that, if C =  0, Ps  will 
become equal to 1
√5
. Plot of Ps vs. log C (C =  C1 + C2 2⁄ ) as shown in Figure 5.11a 
gives a value of C at 1
√5
 Ps   value which is equivalent to θX . The θX  values for 
different electrolytes as calculated from Ps  are given in Table 5.4 and the value for 
Na+ is highest in all the methods. 
Permselectivity data were also obtained for membranes with 15%, 20%, and 25% 
functionalization in NaCl solutions (Figure 5.11b). 25% functionalization in 
membrane shows lowest value due to decline in the number of available fixed charge 
groups associated with the membrane matrix. As a consequence, there will be more 
invasions of co-ions into the membrane with minimum exclusion and thus 
permselectivity decreases. 
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 Figure 5.11a. Plots of Ps vs. log C with varying concentrations (1M-10-4M) for 
different electrolyte across pPVA/ZIP composite membrane. 
 
Figure 5.11b. Plots of Ps vs. – log C with varying concentrations (1M-10-4M) for 
NaCl at 15%, 20% and 25% functionalization degree across pPVA/ZIP composite 
membrane. 
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5.3.5a. Na+ and K+ impact on 𝐏𝐬 values 
Binding affinity between counter-ions and polymer fixed charge group has effect on Ps  values of the membrane. Higher the binding affinity lower will be the 
permselectivity. K+ counter-ion shows higher binding affinity for fixed charge group 
and decreases the membrane fixed charge concentration. As a result, more co-ion 
sorption takes place which reduces the membrane permselectivity [81,82]. Na+ 
counter-ion has less binding affinity than K+ [83], thus it excludes co-ions more easily 
than K+ and has higher permselectivity. 
5.3.5b. Cl- and HCO3- impact on 𝐏𝐬 values 
Hydrated radii and dielectric exclusion of co-ions are the two factors that effect Ps 
values of the membrane. Higher the hydrated radii lower will be the permselectivity. 
HCO3- has 0.439 nm hydrated radius whereas Cl- has 0.332 nm [84,85]. The higher 
value of HCO3- results in more of its sorption into the membrane phase and restricts 
exclusion of co-ions, whereas, Cl- shows less sorption on the membrane matrix and 
have higher Ps value. 
Dielectric exclusion arises due to the attraction of ions to fixed charge groups 
developed at the membrane solution interfaces [78]. The electrolytes dissolved in 
water and water swollen polymer has different dielectric constants and causes the 
exclusion of ions [86]. The ions tend to partition in media with high dielectric 
constant than that of low dielectric constant media. Less solubility of Cl- co-ion in 
water swollen polymer lowers its dielectric constant as compared to water. Thus Cl- 
ion gets partitioned in water more preferably than HCO3- due to its more dielectric 
exclusion from the membrane and results into higher permselectivity. 
5.4. CONCLUSIONS 
The synthesis of phosphonated poly(vinyl alcohol)-zirconium iodophosphate 
composite membrane by incorporating different amounts of ZIP was confirmed as a 
new approach to enhance the membrane properties for separation technology. The 
water uptake capacity and swelling ratio values of pPVA membrane increases upto 
20% phosphonation. On increasing phosphoric acid, the value decreases either due to 
decrease in hydrophilic character of the membrane matrix or due to decrease in ionic 
group concentration. The pPVA/ZIP composite membrane with 25% additive was 
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characterized for its different physicochemical properties using FT-IR, XRD, TG-
DTA spectra affirms the chemical interaction, homogeneity, compatibility among the 
components. SEM image of pPVA/ZIP membrane shows penetrating pores and these 
pores act as channels for transferring ions and promote electrolyte diffusion. 
The membrane potential values follows the order NaCl > KCl > NaHCO3 > KHCO3 
with varying concentrations ranging from 1M-10-4 M. The arrangement of charges 
develops electric field and results in membrane potential which is a significant 
method for characterizing transport phenomena. Transport number, mobility ratio and 
fixed charge density shows good electro-transport properties of the membrane. 
Binding affinity of counter-ions with polymer fixed charge sites, and electrostatic 
exclusion of co-ions due to different in hydrated radii and charge density are the two 
intertwined factors ruling permselectivity of the membrane. Thus, permselectivity is 
the property of membrane to discriminate between counter and co-ions for their 
selective separation. The results of all these physicochemical and electrochemical 
properties represent the new composite membrane as a suitable candidate in 
separation technology. 
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CONCLUSIONS 
In this work, many membranes have been synthesized that includes (1) polystyrene-
tin molybdate (2) Ploy(vinyl chloride)-Zirconium aluminophosphate (3) Polystyrene-
bismuth oxyiodide (4) Phosphonated poly(vinyl alcohol)-Zirconium iodophosphate 
composite membranes. These membranes have been synthesized using precipitation, 
precipitation-deposition and sol-gel methods. The inorganic precipitated and organic 
binder based composite membranes are important material in membrane science to 
meet the criteria of separation sciences. 
The synthesis was successful to examine the change in selectivity for various 
electrolytic ions. Phosphonation route has also been done in one of the membrane 
synthesis to clearly demarcate its role in water uptake property of the membrane, 
which also confirms the presence of pores responsible for transport properties. 
Characterization of the membranes were done with FT-IR, XRD, TG-DTA, SEM 
analysis, and compared for the pristine and composite membranes to affirm the latter 
formation. The various electrochemical properties have also been extensively studied 
for different electrolytes in varying concentration range to show the transport property 
through the membranes.  
Membrane potential is one of the most important electrochemical properties to have 
information about the tansport number, mobility ratio, fixed charge density, 
distribution coefficient and charge effectiveness of the ions passing through the 
membrane. To investigate these properties various monovalent electrolytic solutions 
with different cations and anions have been used, in varied concentration ranges. 
Among them, the cation with smaller size shows maximum selectivity whereas for 
anions, differences found are according to the size, mobility ratio and strong 
interaction with the membrane matrix. 
Different theoretical models: Nagasawa, Kobatake and, Teorell Meyer and Sievers 
have been discussed to calculate the fixed charge density of the membrane. 
The permselectivity of the membranes have been investigated using different counter 
and co-ions. The permselectivity of the membrane i.e. its tendency to differentiate 
between counter and co-ions plays a vital role in separation sciences. Permselectivity 
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of the different composite membrane were obtained to confirm its maximum 
selectivity for any particular ions of the electrolytes used during the experiment. 
The transport rate of a component through a membrane is determined by the structure 
of the membrane, by the size of the permeating component, by the chemical nature 
and the electrical charge of the membrane material and permeating components, and 
by the driving force, i.e. concentration or electrical potential gradient across the 
membrane. Based on the suitability of these criteria, the membrane possessing good 
electrochemical properties can be used in separation technology. 
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AN OUTLOOK FOR FUTURE MEMBRANE 
DEVELOPMENTS 
Membrane operations in the last years have shown their potentialities in the 
rationalization of production systems. Their intrinsic characteristics of efficiency, 
operational simplicity and flexibility, relatively high selectivity and permeability for 
the transport of specific components, low energy requirements, good stability under a 
wide spectrum of operating conditions, environment compatibility, easy control and 
scale-up have been confirmed in a large variety of applications in a wide spectrum of 
operating parameters such as pH, temperature, pressure, etc. 
Membranes characterized by a high permeability and selectivity for CO2 might offer a 
solution to the problem of CO2 capture with the strategy for a sustainable industrial 
growth. 
For biological applications, synthetic membranes provide an ideal support to catalyst 
immobilization due to their available surface area per unit volume. 
Membrane bioreactors are particularly attractive in terms of eco-compatibility 
because they do not require additives, are able to operate at moderate temperature and 
pressure, and to reduce the formation of by-products. 
Membranes can be further used in the induction of microrganisms to produce specific 
enzymes and to the techniques of enzymes purification. 
Development of catalytic membrane reactors for high temperature applications 
became realistic only in recent years with the development of high temperature 
resistant membranes. 
Membrane based artificial organs such as the artificial kidneys are a standard part of 
modern biochemical engineering and medicine. 
Contributions of membrane technologies to the life in space and in other planets are 
already in progress in various laboratories around the world. 
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Membrane contactors in their various configurations and operations will make the 
opportunities of integrated membrane systems for an industrial sustainable growth 
more realistic. 
Thus, better membranes with improved process design, extensive application know-
how and long-term experience are mandatory to establish membrane processes as a 
proven and reliable technology. 
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Abstract 
Membrane 
H. K. Lonsdale in the editorial reported a wide explanation in terms of definition of 
the membranes as given by various scientists active in the field of membrane sciences 
as: 
According to Webster’s new collegiate dictionary, membranes are 
thin soft pliable sheet of animal or plant origin, and (ii) a piece of parchment forming 
part of a roll. These definitions are too old and unsophisticated to be considered in this 
emerging world. 
Another more realistic definition is given in McGraw- Hill dictionary (2nd edition) 
which describes membrane as (i) the medium through which the fluid stream is passed 
for the purpose of filtration, and (ii) the ion exchange medium used in dialysis, 
diffusion, osmosis, reverse osmosis and electrodialysis. 
Patrick Meares, an eminent scientist in the department of chemical engineering, 
University of Exeter and an editorial member in the Journal of Membrane Science for 
more than a decade describes membrane as: A membrane can be regarded as phase or 
group of phases that controls the transport of matter and energy between two essential 
uniform phases which it separates. 
The membrane can be further defined as a thin film separating two phases and acting 
as a selective barrier to the transport of matter. It allows the transport of some 
substances to pass through it while stopping others. 
Membrane when brought in contact with the same electrolyte of unequal 
concentrations develops a potential difference across it due to unequal flow of ions. 
The fast moving ions are hindered by the developed electrical potential and accelerate 
the slow moving ions to maintain the electro-neutrality condition. 
Membranes often respond to few gradients that they experience between either sides 
of the membrane. 
 Driving force 
 Separation mechanism 
 Membrane structure 
 Phases in contact 
The membranes can be classified according to different views point to obtain a more 
revealing knowledge of its functions. The points of classification are: 
(i) based on nature (ii) based on morphology (iii) based on mass flow (iv) based on 
separation mechanism (v) based on geometry (vi) based on chemical nature. 
This thesis comprises of five chapters with focus mainly on the synthesis of organic-
inorganic composite membranes and elucidating their electrochemical behavior with 
conclusions and an outlook for future membrane developments.  
Chapter 1 entitled as “General Introduction” deals with the emergence, historical 
background, advantages and definition of membranes with its functions, 
classification, preparation, characterization and applications. 
Chapter 2 entitled as “Studies of ions transport and evaluation of fixed charge 
density of polystyrene based tin molybdate composite membrane”. Polystyrene 
(PS) dispersed tin molybdate (TM) composite was prepared by sol-gel method. The 
membrane was characterized for its thermal stability by TG-DTA. SEM reveals the 
formation of composite material with uniform surface morphology. Crystalline and 
phosphorylation of the membrane was confirmed by XRD and FT-IR. Membrane 
potential of different monovalent electrolytes with varying concentration followed the 
order LiCl > NaCl > NH4Cl > KCl. Membrane potential increases with dilution of 
electrolytes confirming it to be cation selective in nature. The theoretical value of 
fixed charge density for the membrane was also evaluated from membrane potential 
using different approaches proposed by (a) Teorell Meyer Sievers (b) Kobatake and 
(c) Nagasawa. Fixed charge density examined for the electrolytes follows the order 
LiCl > NaCl > NH4Cl > KCl. Li+ ion shows highest value of fixed charge density in 
all the methods as the Donnan exclusion is highest for the electrolyte of smaller cation 
size. Transport number and mobility ratio for ion selectivity also increases with 
dilution. Membrane shows the lowest permselectivity for K+ while highest for Li+. 
The strong binding affinity of K+ counter-ion with fixed charge groups on the 
polymer decreases the membrane charge density and permselectivity. Thus, the 
membrane shows its applicability in various electro-membrane processes. 
Chapter 3 entitled as “Effects of monovalent ions on membrane potential and 
permselectivity: Evaluation of fixed charge density of polymer based Zirconium 
aluminophosphate composite membrane”. The composite of polyvinyl chloride 
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(PVC) with zirconium aluminophosphate (ZrAlP) employed as additive was prepared 
by sol-gel method. The physico-chemical properties were elucidated by FT-IR, XRD, 
TG-DTA and SEM. The influence of polymer ratios on stability of the membrane was 
investigated; with 25% polymer it shows greater stability. The porosity and water 
uptake properties were also observed. The membrane potential in different 
monovalent electrolyte solutions with varying concentrations (1M-0.001M) followed 
the trend as LiCl> NaCl> KCl> NaNO3> KNO3 attributed to the different sizes of 
electrolytes. The membrane potential increased with the decrease in cations size. For 
anions, differences found are according to the size, mobility ratio and strong 
interaction with the membrane matrix. Small size and higher mobility of Cl- ion 
shows greater value of membrane potential whereas NO3- ion shows lower value 
because of its large size and strong interaction with the membrane matrix. The fixed 
charge density value of the membrane was evaluated and compared using various 
theoretical models: (a) Nagasawa (b) Kobatake and (c) Teorell, Meyer and Sievers. 
Li+ ion shows highest value of fixed charge density in all the methods as the Donnan 
exclusion is highest for the electrolyte of smaller cation size. Extended form of TMS 
theory was used to calculate the distribution coefficient, charge effectiveness and 
transference number of ions. The prepared membrane also shows highest 
permselectivity for Li+ counter-ion while lowest for K+, as potassium counter-ion 
shows strong interaction with the fixed charge groups on the polymer, thereby, 
decreasing the value. Co-ion (NO3-) with higher hydrated radii and lower charge 
density also tended to result in low membrane permselectivity. Thus, the composite 
membrane can be efficiently used in various electro-membrane processes. 
Chapter 4 entitled as “Electrochemical effect and Permselectivity of monovalent 
ions in Polystyrene-bismuth oxyiodide composite membrane”. Membrane 
potential and permselectivity are critical parameters for variety of electrochemically-
driven separation. Our goal in this work was to better understand the ion transport in 
membrane. The membrane potential followed the trend NaCl > KCl > NaNO3 > 
KNO3 attributed to the different electrolyte size. The fixed charge density of the 
membrane was evaluated using theoretical models: (a) Nagasawa, (b) Kobatake and 
(c) TMS. K+ counter-ion shows low value of permselectivity because of its strong 
binding affinity for the polymer fixed charge groups. NO3‒ with higher hydrated radii 
and lower charge density also tended to result in low membrane permselectivity. 
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 Chapter 5 entitled as “Synthesis of phosphonated poly(vinyl alcohol) based 
composite membrane: Effects of counter and co-ions on its electrochemical 
properties for separation applications”. A new composite ion-exchange membrane 
of phosphonated poly(vinyl alcohol)-zirconium iodophosphate (pPVA/ZIP) was 
synthesized by incorporating ZIP as an additive in organic polymer matrix with 
varying ratios to improve membrane performance. The membrane was characterized 
to prospect its application in technologies that require advanced ionic electrolytes. 
Membrane with 20% acid and 25% additive shows optimal results: good water 
uptake, thermal stability, transport properties and high permselectivity ( Ps ). 
Membrane potential was calculated for aqueous solutions of NaCl, KCl, NaHCO3 and 
KHCO3 with varying concentrations (1M-10-4M). Membrane potential, transport 
number, and mobility ratio followed the same trend NaCl> KCl> NaHCO3> KHCO3. 
Membrane fixed charge group was compared with theoretical models to better 
understand transport properties. Membrane potential and Ps  are the two important 
factors for various separation processes. We analyzed the two interconnected 
parameters governing Ps of the membrane. First, the binding affinity of the counter-
ions with polymer fixed charge sites, and second, the electrostatic exclusion of co-
ions due to different hydrated radii and charge density. Thus, with good tendency to 
discriminate between counter and co-ions, the membrane serves to be the suitable 
candidate in separation technology. 
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